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SUMMARY 
The problem of c o n t r o l l i n g common user te lephone 
communication networks dur ing p e r i o d s when requirements 
exceed c a p a c i t i e s i s approached us ing network t h e o r e t i c s . 
Since the multicommodity l i n e a r programming f o r m u l a t i o n 
f o r a l a r g e network of n nodes having up to i n ( n - l ) 
commodities i s not e a s i l y s o l v e d , the network i s p a r t i ­
t ioned i n t o smal l subnetworks, the maxflow s o l u t i o n s to 
which can be obta ined wi th r e l a t i v e e a s e . Al lowed c a l l s 
w i t h i n and between subnetworks a r e d i s t r i b u t e d to enable 
maxflow in accordance wi th s p e c i f i e d performance c r i t e r i a 
w h i l e not exceeding the i n t e r - n e t and i n t r a - n e t c a p a c i t y 
l i m i t a t i o n s . 
A s imple method f o r e s t i m a t i n g changes in r e q u i r e ­
ments caused by adding or d e l e t i n g u s e r s , adding or 
d e l e t i n g nodes , changing user l o c a t i o n s , or a l t e r i n g 
network c o n n e c t i v i t y i s p r e s e n t e d . By us ing matr ix 
m u l t i p l i c a t i o n the r e v i s e d requirements f o r an e n t i r e 
network can be s imul taneous ly generated whenever changes 
occur which a f f e c t the d i s t r i b u t i o n o f c a l l s , 
A procedure i s o u t l i n e d f o r us ing network t h e o r e t i c 
techniques i n a t a c t i c a l m i l i t a r y s i t u a t i o n , and a s e r i e s 
of examples i s used to demonstrate t h i s p r o c e d u r e . W h i l e 
v i i i 
developed p r i m a r i l y as a means f o r r a p i d l y a l l o c a t i n g and 
r e d i s t r i b u t i n g s e r v i c e i n p o t e n t i a l l y - o v e r l o a d e d and 
f r e q u e n t l y - r e c o n f i g u r e d networks , the procedure could be 
modif ied to determine opt imal communication system 
c o n f i g u r a t i o n s . I t could a l s o be extended to a s s i s t i n 
the development o f network performance c r i t e r i a and 




An h i s t o r i c a l account o f communications dur ing World 
War I t i t l e d - C i r c u i t s o f V i c t o r y - conta ins the f o l l o w i n g 
paragraph which d e s c r i b e s the problem f a c i n g a communication 
t r a f f i c engineer i n a combat environment. 
Every nerve i n Amer ica ' s body was now t i n g l i n g . 
Every long d i s tance w i r e of e l e c t r i c a l communication 
was a l i v e wi th throbb ing impulse . These w i r e s must not 
be overcharged , they must not be overcrowded w i t h the 
tremendous t r a f f i c o f speech through space , or down 
would tumble the whole s t r u c t u r e l i k e a house o f 
c a r d s , d e l a y i r r e p a r a b l e would f o l l o w the c o l l a p s e 
and--TOO LATE would be the ep i taph on the tombstone 
o f democracy. 
That q u o t a t i o n , w h i l e couched i n a s t y l e which i s dramatic 
to excess , conveys an impress ion o f the problem which t h i s 
t h e s i s a d d r e s s e s . Communications a r e indeed e s s e n t i a l to 
the p lann ing and execut ion o f m i l i t a r y o p e r a t i o n s , and 
overcrowding or c o l l a p s e o f v i t a l networks must be p r e v e n ­
t e d . Of c o u r s e , the communication dev ices o f World War I 
have been r e l e g a t e d to museums and r e p l a c e d by the marve l s 
of technology which are an i n t e g r a l p a r t not only o f the 
m i l i t a r y e s tab l i shment but o f the American l i f e - s t y l e . War , 
which was h o r r i b l e enough mi l leniums a g o , can now be waged 
wi th weaponry which m u l t i p l i e s the h o r r o r by almost- incom­
p r e h e n s i b l e o r d e r s of magnitude. There have been as tounding 
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changes s ince the quoted book was w r i t t e n , but the problem 
of communications management i s no l e s s acute now than i t 
a p p a r e n t l y was over f i f t y years a g o . 
D e f i n i t i o n Of The Problem 
This t h e s i s addresses the problem of p r o v i d i n g 
communications to m i l i t a r y o r g a n i z a t i o n s engaged i n combat 
and combat -re la ted a c t i v i t i e s . S p e c i f i c a l l y , the ques t ion 
which t h i s r e s e a r c h attempts to answer i s s tatedt 
How can a v a i l a b l e communication a s s e t s be b e s t used 
to prov ide common user vo ice communication s e r v i c e to the 
U. S. Army i n the f i e l d ? 
The f o l l o w i n g s ec t ions o f t h i s chapter w i l l deve lop the 
problem f u r t h e r and e x p l a i n the term Ncommon u s e r * . 
C e r t a i n p r o f e s s i o n a l and p e r s o n a l b i a s e s which 
prompted the i n i t i a t i o n o f t h i s r e s e a r c h a r e acknowledged. 
I t i s contended t h a t , 
1 . Common user s e r v i c e has never been accorded 
proper c o n s i d e r a t i o n by e i t h e r commanders or communicators. 
2. The e l e c t r o n i c marve ls which a r e now ( o r w i l l 
soon b e ) a v a i l a b l e are not the panacea f o r a l l p r e s e n t 
and f u t u r e problems . 
3 . A r e a s o n a b l y - a p p r o x i m a t e s o l u t i o n a r r i v e d a t 
q u i c k l y and e a s i l y i s p r e f e r a b l e to an e l e g a n t l y - e x a c t 
s o l u t i o n which i s a v a i l a b l e on ly a f t e r the problem r e s o l v e s 
i t s e l f or a f t e r the s i t u a t i o n d e t e r i o r a t e s to a p o i n t 
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beyond which problem r e s o l u t i o n i s p o s s i b l e . 
4 . S i m p l i c i t y i n any endeavor i s a v i r t u e . 
I t i s f u r t h e r contended t h a t w h i l e these b i a s e s a r e p r e s e n t , 
they should not d e t r a c t from the l e g i t i m a c y of the r e s e a r c h 
h e r e i n r e p o r t e d . 
B r i e f H i s t o r y Leading To The Problem 
Communications a r e g e n e r a l l y d i v i d e d i n two broad 
c l a s s e s i s o l e user and common u s e r . So le user requirements 
are met by p r o v i d i n g ded ica ted equipment and c i r c u i t r y 
between two i n d i v i d u a l s or o r g a n i z a t i o n s . F i g u r e 1 shows 
a s imple s o l e user s i t u a t i o n . 
C K So le User 
USER A J C i r c u i t Lo U s e r C 
F i g u r e 1 . S o l e User S i t u a t i o n 
Common user requirements are met by having c a l l e r s 
share equipment a n d / o r c i r c u i t r y . F i g u r e 2 shows a s imple 
common user s i t u a t i o n . 
Common User C i r c u i t 
User A L J , Q User C 
User B 
L I 1 * I ^ 
Switchboards 
s er D 
F i g u r e 2• Common User S i t u a t i o n 
There a r e some c ircumstances i n which s o l e user 
s e r v i c e i s the only way to meet speed and q u a l i t y c r i t e r i a , 
and s o l e user c i r c u i t s w i l l a lways consume a p o r t i o n o f 
a v a i l a b l e communication a s s e t s . However, most m i l i t a r y 
o r g a n i z a t i o n s * communication needs are s a t i s f i e d by a 
common user network. Rather than b e i n g " s a t i s f i e d " , many 
needs have been l e f t u n s a t i s f i e d . This c o n d i t i o n has 
prompted commanders to r e q u e s t and, u n f o r t u n a t e l y , r e c e i v e 
dedicated c i r c u i t s . The c i r c u i t s f o r t h i s new s o l e user 
s e r v i c e were obta ined from the common user network, and the 
other common user o r g a n i z a t i o n s s u f f e r e d a d e g r e d a t i o n of 
s e r v i c e . This r e s u l t e d i n more d i s s a t i s f a c t i o n w i th the 
common user network which caused commanders to r e q u e s t and, 
u n f o r t u n a t e l y , r e c e i v e s o l e user s e r v i c e . . . ad nauseum. 
So le user c i r c u i t s have p r o l i f e r a t e d w h i l e common user 
c i r c u i t s have dwind led . A d d i t i o n a l c i r c u i t s have been made 
a v a i l a b l e and improved s w i t c h i n g equipment has been 
deve loped , but common user s e r v i c e has not improved i n 
many i n s t a n c e s . 
Commanders become used to commercial grades o f 
s e r v i c e i n g a r r i s o n s i t u a t i o n s and to u n r e a l i s t i c a l l y 
good s e r v i c e p r o v i d e d d u r i n g command p o s t and f i e l d 
e x e r c i s e s . They expec t , b u t w i l l p r o b a b l y never r e c e i v e , 
e q u i v a l e n t s e r v i c e d u r i n g combat. M i l i t a r y communication 
networks a r e not l i k e commercial networks f o r many r e a s o n s , 
among which the most s i g n i f i c a n t a r e i 
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1. Commercial u s e r s are g e n e r a l l y s t a t i c , but 
m i l i t a r y user s have no f i x e d l o c a t i o n s . As the s i t u a t i o n 
d i c t a t e s , u n i t s move, t h e i r communication requirements 
change both i n l o c a t i o n and magnitude, and the network 
must be a l t e r e d to meet these changing demands, 
2 . Commercial networks are s u b j e c t to normal 
f a i l u r e s , but m i l i t a r y networks , w h i l e s u b j e c t to these 
same "normal" f a i l u r e s , are a l s o faced w i t h massive 
i r r e p a r a b l e d e s t r u c t i o n o f f a c i l i t i e s . 
3 . Time r e s t r i c t i o n s and a s s e t l i m i t a t i o n s a r e 
more severe under combat cond i t i ons than they are i n more 
p e a c e f u l s i t u a t i o n s . 
For the reasons d e s c r i b e d above and prompted by the 
b i a s e s expounded in the p r e v i o u s s e c t i o n , i t i s p e r c e i v e d 
tha t common user s e r v i c e should be accorded a d i f f e r e n t 
p e r s p e c t i v e and that there e x i s t s a r e a s o n a b l e p o s s i b i l i t y 
o f improving common user s e r v i c e or h a l t i n g f u r t h e r 
d e g r a d a t i o n i f a n o n - t r a d i t i o n a l approach to t a c t i c a l 
communications t r a f f i c e n g i n e e r i n g i s at tempted. This 
f e e l i n g i s shared by Jacobaeus and E l l d i n ( 6 O ) who have 
s t a t e d i 
Telephone t r a f f i c theory has from the s t a r t been 
ahead of o ther a p p l i e d s c i e n c e s . O p e r a t i o n r e s e a r c h was 
employed long b e f o r e the name o p e r a t i o n r e s e a r c h was 
c o i n e d , . . . There i s no r e a s o n to expect t h a t in the 
f u t u r e the theory w i l l remain i n s t r i c t l y r i g i d forms, 
but one may expect continued v i g o r o u s approaches to the 
problems from new a n g l e s . The s i g n i f i c a n c e o f a w e l l 
developed te lephone t r a f f i c technique i s so g r e a t tha t 
the t h e o r e t i c i a n s a r e q u i t e s imply f o r c e d to produce 
p r a c t i c a l l y u s a b l e r e s u l t s . 
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Purpose Of The Research 
M i l i t a r y communications t r a f f i c e n g i n e e r i n g has 
resembled that of the commercial communication e s t a b l i s h ­
ment. This i s a n a t u r a l tendency because o f the amazing 
advances made in the commercial s ec tor and the f a c t that 
most m i l i t a r y t r a f f i c eng ineers a r e c o m m e r c i a l l y - t r a i n e d . 
E l e g a n t s imula t ion models have been b u i l t to synthes ize 
and a l t e r network c o n f i g u r a t i o n s . Mass ive s t u d i e s have been 
conducted to o b t a i n , reduce and analyze v a s t q u a n t i t i e s of 
data on t r a f f i c volumes and p a t t e r n s . The precepts of 
queuing theory have been a p p l i e d to s i t u a t i o n s and scen­
a r i o s of every type . But the ex i s t ence of s o p h i s t i c a t e d 
equipment, techniques and knowledge i s o f l i t t l e use to the 
persons charged wi th o p e r a t i n g and mainta in ing the network 
under adverse c ircumstances and wi thout r e c o u r s e to the 
same t o o l s used by the network d e s i g n e r s and a n a l y s t s . 
Furthermore, normal t r a f f i c e n g i n e e r i n g procedures assume 
independent s e r v i c e requirements which would not be the 
case in many combat s i t u a t i o n s ! f o r example, communication 
demand by users could not be cons idered independent 
immediately a f t e r an a d v e r s a r y f s preemptive n u c l e a r a t t a c k . 
This r e s e a r c h attempts to deve lop some u s e f u l 
t r a f f i c e n g i n e e r i n g techniques based on network f l o w theory 
r a t h e r than on the m o r e - t r a d i t i o n a l queuing theory . No 
a s t o n i s h i n g t h e o r e t i c a l d i s c o v e r i e s should be a n t i c i p a t e d 
f o r there are none forthcoming. The i n t e n t i s to r e v i e w 
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the l i t e r a t u r e o f network f low theory and to adapt the 
work of l earned r e s e a r c h e r s to the unique t a c t i c a l common 
user communication environment. Any techniques thus d e v e l ­
oped must be s imple to understand and r e l a t i v e l y easy to 
app ly i e v e n t u a l l y , a w e l l - t r a i n e d t e c h n i c i a n should be a b l e 
to a p p l y the p r o c e d u r e — c e r t a i n l y t h a t t e c h n i c i a n would not 
have a g r a d u a t e - l e v e l educat ion i n o p e r a t i o n s r e s e a r c h . 
I n essence , i t i s not the purpose of t h i s r e s e a r c h 
to s i g n i f i c a n t l y advance the f r o n t i e r s of network f low 
theory . I t i s an attempt to app ly some e x i s t i n g t h e o r i e s to 
a s i g n i f i c a n t m i l i t a r y communication problem. The emphasis 
i s p laced on a l l o c a t i o n of r e s i d u a l a s s e t s r a t h e r than on 
c o n f i g u r i n g the network p r i o r to the i n i t i a t i o n of 
h o s t i l i t i e s . P a r t i c u l a r emphasis has been p l a c e d on 
deve lop ing a method o f e s t imat ing the changes i n r e q u i r e ­
ments which are brought about by the many events which 
impact on the network. The problem s o l u t i o n s thus d e r i v e d 
may not be s t r i c t l y op t imal , but i n a t a c t i c a l environment 
the adage "Something i s b e t t e r than nothing" a p p l i e s to 
communications. There i s c e r t a i n l y m e r i t to a p lann ing 
sequence which w i l l maximize the usage o f the network 
wi thout a l l o w i n g an o v e r l o a d c o n d i t i o n which can l e a d to 
the eventual c o l l a p s e o f the network. 
Review Of L i t e r a t u r e 
A very ex tens ive l i t e r a t u r e search was conducted i n 
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the areas o f te lephone t r a f f i c e n g i n e e r i n g and network f l ow 
theory . This s e c t i o n mentions but a few o f the pr imary 
r e f e r e n c e s i n the major a r e a s o f i n t e r e s t . Other sources 
are c i t e d i n subsequent c h a p t e r s , and a l engthy b i b l i o ­
graphy i s inc luded f o r those who may wish to pursue the 
s u b j e c t s f u r t h e r . 
Telephone t r a f f i c e n g i n e e r i n g has been the s u b j e c t 
o f many books and a r t i c l e s . Among the most f r e q u e n t l y 
c i t e d books are those o f Beckmann(3), Benes (4 ) , 
R o u a l t ( 9 5 ) . and Syski (99)« The B e l l System Technica l 
Journa l has p u b l i s h e d numerous p e r t i n e n t a r t i c l e s s ince 
i t s incept ion i n 1 9 2 1 . The s e r i e s o f ten chapters by 
Mina(80) i n Telephony between A p r i l 1971 and May 1973 
i s an e x c e l l e n t source of in format ion f o r a network 
manager who must work wi th t r a f f i c eng ineers but not 
n e c e s s a r i l y perform the e n g i n e e r i n g f u n c t i o n s . Other prime 
sources inc lude the Dutch p e r i o d i c a l P h i l l i p s T e l e ­
communications Review and the Swedish p e r i o d i c a l E r i c s s o n 
Review. The U . S . Army p u b l i c a t i o n TM 1 1 - 4 8 6 - 2 ( 2 1 ) i s 
h o p e l e s s l y outdated i n many r e s p e c t s but does g i v e some 
o f the s t i l l - a p p l i c a b l e fundamentals o f t r a f f i c e n g i n e e r i n g 
f o r smal l manua l ly -operated ne tworks . The b e s t source o f 
p r a c t i c a l t r a f f i c e n g i n e e r i n g techniques i s the H B e l l 
System Practices**, but these a r e company-propr ie tary 
documents and are g e n e r a l l y u n a v a i l a b l e to n o n - B e l l System 
p e r s o n n e l . M a l l i o n ( ? 5 ) attempted to adapt convent iona l 
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t r a f f i c e n g i n e e r i n g p r a c t i c e s to the f i e l d army network! 
t h i s present t h e s i s i s prompted, i n p a r t , by the r e a l i ­
za t i on that even such an a d a p t a t i o n may not p r o v i d e the 
r a p i d r e d i s t r i b u t i o n s neces sary i n a combat s i t u a t i o n . 
Network f low theory i s a r e l a t i v e l y r e c e n t 
development with the foundat ions be ing f o r m a l i z e d d u r i n g 
the e a r l y 1 9 5 0 * s , The books most f r e q u e n t l y c i t e d are 
those of Ford and F u l k e r s o n ( 3 1 ) , H u ( 5 6 ) , and Frank and 
F r i s c h ( 3 6 ) . The paper g e n e r a l l y cons idered to be the 
foundat ion of network f l ow theory i s that of Ford and 
Fulker8on(32). The same authors(3k) prov ided the f i r s t 
s o l u t i o n f o r the multicommodity f low problem. M a y e d a ( 7 8 ) 
i s c r e d i t e d wi th the i n i t i a l work on m u l t i t e r m i n a l f l o w s . 
Chapter I I I conta ins s ec t ions on r o u t i n g o f f lows through 
networks , m u l t i t e r m i n a l f lows and multicommodity f l o w s j 
the p e r t i n e n t l i t e r a t u r e i s t raced in each o f those 
s ec t ions so , to avo id unnecessary d u p l i c a t i o n , i t i s not 
rev iewed h e r e . 
O r g a n i z a t i o n Of The Research 
Chapter I in troduces the problem, p r o v i d e s some 
background on the mot iva t ion of the r e s e a r c h , and r e v i e w s 
a p o r t i o n of the v a s t body o f network theory l i t e r a t u r e . 
Chapter I I i s a b r i e f propaedeut i c on t a c t i c a l 
communications. I t p r o v i d e s s u f f i c i e n t background f o r the 
r e a d e r to r e a l i z e the scope o f the problem and to be aware 
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O F S O M E L I M I T S W H I C H E Q U I P M E N T A N D D O C T R I N E I M P O S E O N A N Y 
E F F E C T I V E S O L U T I O N , , T H E I N A P P L I C A B I L I T Y O F T R A D I T I O N A L 
T R A F F I C E N G I N E E R I N G P R A C T I C E S I S A L S O H Y P O T H E S I Z E D . 
C H A P T E R I I I D E V E L O P S T H E S P E C I F I C P R O B L E M S W H I C H 
M U S T B E S O L V E D I F A V A I L A B L E C O M M O N U S E R A S S E T S A R E T O B E 
P R O P E R L Y M A N A G E D . T H E L A R G E L I T E R A T U R E O F N E T W O R K F L O W 
T H E O R Y H A S B E E N C O N S U L T E D T O P R O V I D E T E C H N I Q U E S A N D 
A L G O R I T H M S F O R S O L V I N G T H E S E P R O B L E M S . 
C H A P T E R I V P R E S E N T S A M E T H O D O F S I M U L T A N E O U S L Y 
E S T I M A T I N G A L L R E Q U I R E M E N T S R E V I S I O N S W H E N E V E R S O M E E V E N T 
O C C U R S . A P R O O F O F T H I S S I M P L E M A T R I X M U L T I P L I C A T I O N 
T E C H N I Q U E I S G I V E N , A N D S E V E R A L E X A M P L E S A R E I N C L U D E D . 
C H A P T E R V O U T L I N E S A T A C T I C A L T R A F F I C E N G I N E E R I N G 
P R O C E D U R E W H I C H I S D E R I V E D F R O M T H E P R O B L E M S A N D S O L U T I O N S 
D I S C U S S E D I N C H A P T E R S I I I A N D I V . 
C H A P T E R V I O U T L I N E S P O S S I B L E E X T E N S I O N S O F T H E 
P R O C E D U R E W H I C H W A S P R E S E N T E D I N C H A P T E R V . 
C H A P T E R V I I B R I E F L Y D I S C U S S E S T H E O B V I O U S L I M I T A T I O N S 
O F T H I S R E S E A R C H , M A K E S S O M E C O N C L U S I O N S A B O U T T H E V A L I D I T Y 
O F T H E A P P R O A C H A N D T H E E F F I C A C Y O F T H E P R O C E D U R E , A N D 
P R O V I D E S S O M E R E C O M M E N D A T I O N S F O R F U T U R E R E S E A R C H . 
S E V E R A L A P P E N D I C E S A R E P R O V I D E D T O D I S P L A Y E X A M P L E S 
O F T E C H N I Q U E S P R E S E N T E D I N T H E B O D Y O F T H E T H E S I S . 
A N E X T E N S I V E B I B L I O G R A P H Y I S I N C L U D E D . 
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CHAPTER I I 
TACTICAL COMMUNICATIONS 
T h i s c h a p t e r i s a b r i e f p r o p a e d e u t i c o n t a c t i c a l 
c o m m u n i c a t i o n s . I t p r o v i d e s o n l y e n o u g h b a c k g r o u n d f o r t h e 
r e a d e r t o be a w a r e o f how c o m m u n i c a t i o n s a r e p r o v i d e d i n 
c o m b a t and t o r e c o g n i z e c o n s t r a i n t s w h i c h m u s t b e d e a l t 
w i t h when s o l v i n g a m i l i t a r y c o m m u n i c a t i o n p r o b l e m . 
S c o p e O f S e r v i c e 
The U . S . Army p u b l i s h e s T a b l e s o f O r g a n i z a t i o n and 
E q u i p m e n t (TOE) w h i c h l i s t a u t h o r i z a t i o n s f o r t a c t i c a l 
u n i t s . A s t h i s i s b e i n g w r i t t e n , o r g a n i z a t i o n a l c h a n g e s 
a r e b e i n g i m p l e m e n t e d t o r e f l e c t a r a d i c a l c h a n g e i n t h e 
d o c t r i n e ( 2 4 ) , b u t t y p i c a l s t r e n g t h f i g u r e s f rom p r i o r t o 
t h e c h a n g e s h o u l d be r e l a t i v e l y t h e same and g i v e some 
i n d i c a t i o n o f t h e p o p u l a t i o n and a r e a b e i n g s e r v i c e d b y 
t h e t a c t i c a l common u s e r n e t w o r k s . 
A d e p l o y m e n t o f t w o c o r p s i n a t h e a t e r o f o p e r ­
a t i o n s m i g h t be c o m p o s e d o f 1 , 4 0 0 d i s c r e t e u n i t s r e p r e ­
s e n t i n g t h e e n t i r e s p e c t r u m o f c o m b a t , c o m b a t s u p p o r t , 
and c o m b a t s e r v i c e s u p p o r t o r g a n i z a t i o n s . The s i z e o f t h e s e 
u n i t s v a r i e s f rom t h e v e r y s m a l l t o t h e v e r y l a r g e . F o r 
e x a m p l e , a M i l i t a r y H i s t o r y D e t a c h m e n t h a s a s t r e n g t h o f 
t w o p e r s o n n e l , w h i l e an A r m o r e d D i v i s i o n h a s a s t r e n g t h 
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of 1 6 , 8 5 0 p e r s o n n e l . 
The f o u r - d i v i s i o n type corps used as an i n s t r u c ­
t i o n a l v e h i c l e by the U . S . Array Command and Genera l S t a f f 
C o l l e g e ( 2 3 ) has an as s igned s t r e n g t h of 1 0 5 , 5 0 1 p e r s o n n e l , 
and an est imated 1 1 7 , 2 6 4 personne l might be r e q u i r e d to 
support a two-corps deployment , This g i v e s an approximat ion 
of 3 2 8 , 2 6 6 Army personne l a s s igned to a two-corps d e p l o y ­
ment, and personne l of o ther S e r v i c e s w i l l a l s o be engaged 
in the o p e r a t i o n a l a r e a . This o p e r a t i o n a l a r e a might be 2 5 0 
ki lometers wide by 2 8 0 k i l ometers deep wi th v a r i a t i o n s 
depending on t e r r a i n , m i s s i o n , e t c . Common user networks 
can be e s t a b l i s h e d a t l e v e l s as low as i n d i v i d u a l companies 
o f approximate ly 2 0 0 men, and a l l networks a r e i n t e r f a c e d to 
form what amounts to a t h e a t e r common user te lephone system• 
These s t rength and s i z e approximat ions i n d i c a t e t h a t 
the i n t e g r a t e d common user networks s e r v i n g the deployment 
a r e a are p r o v i d i n g communications to a p o p u l a t i o n e q u i v a l e n t 
to that o f a major c i t y spread over an a r e a i n excess o f 
2 5 , 0 0 0 square mi l e s wi th the added d i f f i c u l t i e s a t tendant to 
the m o b i l i t y and d i s p e r s i o n r e q u i r e d o f a m i l i t a r y f o r c e . 
For the purpose of t h i s t h e s i s , no attempt i s made 
to d i s c u s s requirements on a u n i t - b y - u n i t b a s i s . The 
requirements d i scussed throughout the r e s e a r c h a r e c o n s i d ­
ered to be those c o n s o l i d a t e d a t the v a r i o u s network 
swi tch ing nodes . 
Trunking And Switching Equipment 
A t r a f f i c engineer w i l l n e c e s s a r i l y have c o n s i d ­
e r a b l e knowledge o f the communication equipment which i s 
used to d e r i v e the common user network. The equipment can 
be d i v i d e d in to four c a t e g o r i e s i t e rmina l ins truments , 
access equipment, t runking equipment, and swi tch ing equip 
ment. Terminal instruments and access equipment have no 
impact on the problems d i scussed i n t h i s t h e s i s . 
Trunking equipment i s de f ined as t h a t r e q u i r e d to 
in terconnec t the sw i t ch ing centers and i s u s u a l l y a 
r a d i o / c a r r i e r or a c a b l e / c a r r i e r system. The Army Area 
Communications System P r o j e c t (AACOMS) has developed a 
f a m i l y o f i n t e g r a t e d equipment which meets m i l i t a r y s p e c i 
f i c a t i o n s f o r q u a l i t y , d u r a b i l i t y , ease of o p e r a t i o n , etc 
To enhance the c o s t e f f e c t i v e n e s s , s t a n d a r d - s i z e d 
assemblages have been p r o c u r e d . The channel c a p a c i t y 
l i m i t a t i o n s w i t h i n the equipment f a m i l y p l a c e a t runking 
r e s t r i c t i o n on the t r a f f i c e n g i n e e r . These s tandard 
assemblages can d e r i v e only systems of 6 , 12, 24, 48 , 
o r 9 6 channe l s . I t i s g e n e r a l l y not p o s s i b l e to r e p l a c e , 
f o r example, a 24-channel system wi th the n e x t - h i g h e r -
c a p a c i t y 48-channel system simply because the r e s i d u a l 
c i r c u i t a s s e t s o f the s m a l l e r system a r e i n s u f f i c i e n t to 
p r o v i d e an adequate common user network . T h e r e f o r e , a 
premium i s p l a c e d on the e f f i c i e n t use of the r e s i d u a l 
a s s e t s because the t r a f f i c eng ineer must r e a l i s t i c a l l y 
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assume tha t few o r , perhaps , no system o v e r b u i l d s w i l l 
be p o s s i b l e . 
Switching equipments a r e c u r r e n t l y manual ly -
operated swi tchboards v a r y i n g i n c a p a c i t y from 1 2 l i n e s to 
6 0 0 l i n e s . S o o n - t o - b e - i s s u e d e l e c t r o n i c swi tches f o r 
h igher echelons o f the network have a c a p a c i t y o f e i t h e r 
344 or 6 2 0 l i n e s . Both manual and e l e c t r o n i c switches have 
d i s t i n c t advantages and d i s a d v a n t a g e s . Manual swi tchboards 
prov ide s low s e r v i c e , but i t i s easy to e x e r c i s e c o n t r o l 
i n o v e r l o a d s i t u a t i o n s . E l e c t r o n i c swi tches p r o v i d e f a s t 
s e r v i c e , but over load cond i t i ons can cause d e t e r i o r a t i o n 
and c o l l a p s e of the n e t w o r k , ( 8 ) A l s o , i t i s e a s i e r to 
change the r o u t i n g scheme used by a manual swi tchboard 
o p e r a t o r than i t i s to r e w r i t e the r o u t i n g so f tware f o r a 
network o f e l e c t r o n i c s w i t c h e s . There a r e many o ther f a c t o r s 
t h a t can be compared, but i t i s s a f e to assume tha t f o r a 
r e a s o n a b l e time hor izon the t a c t i c a l communication networks 
w i l l conta in both manual and automatic s w i t c h i n g equipment* 
For the purpose of t h i s t h e s i s , t runking equipment 
w i l l be r e p r e s e n t e d by the a r c s and s w i t c h i n g equipment by 
the nodes of the graph t h e o r e t i c approach presented i n 
the f o l l o w i n g c h a p t e r s . I t i s s u f f i c i e n t to r e a l i z e t h a t 
there are s p e c i f i c branch and node c a p a c i t y r e s t r i c t i o n s 
which a r e imposed by trunking and s w i t c h i n g c a p a c i t i e s 
o f the equipment used to d e r i v e the network. 
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Doctr ine 
Both s t r a t e g y and t a c t i c s as w e l l as communication 
d o c t r i n e impact on the j o b of the t r a f f i c e n g i n e e r . From a 
s t r a t e g i c v i e w p o i n t , f o r example, the requirements f o r a 
c l a s s i c a l a n t i - g u e r i l l a campaign ( e . g . , the B r i t i s h 
exper ience i n M a l a y s i a ) a r e c e r t a i n l y d i f f e r e n t than the 
requirements in convent iona l w a r f a r e on a l a r g e landmass 
( e . g . , the A l l i e d campaigns i n E u r o p e ) . And y e t there w i l l 
be i n e v i t a b l e anomalies such as the r e c e n t involvement i n 
Viet Nam which was , i n many ways , an a n t i - g u e r i l l a campaign 
waged us ing convent iona l w a r f a r e methods. From a t a c t i c a l 
v i e w p o i n t , the requirements f o r m o b i l i t y and d i s p e r s i o n i n 
convent iona l w a r f a r e a r e c e r t a i n l y d i f f e r e n t than the r e q u i r e ­
ments i n a c t i v e n u c l e a r w a r f a r e . I n s p i t e o f the many 
p o s s i b l e s t r a t e g i c and t a c t i c a l v a r i a t i o n s i n which the Army 
might be i n v o l v e d , i t i s s t i l l necessary to p r o v i d e the b e s t 
p o s s i b l e q u a n t i t y and q u a l i t y o f common user s e r v i c e . 
Communication d o c t r i n e i s a l s o a changeable 
e lement. For example, the " g r i d communication system" was 
once p r e s c r i b e d f o r the Army Area Communication System of 
some s i x t e e n s w i t c h i n g c e n t e r s . The b a s i c c o n f i g u r a t i o n 
was as dep ic ted i n F igure 3 . 
O Q -0 
6-
F i g u r e 3 . G r i d Communication System 
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The l a t e s t army a r e a d o c t r i n e p r e s c r i b e d a "tandem 
swi tch ing system" such as dep ic ted i n F i g u r e 4t there a r e 
the same s i x t e e n swi t ch ing c e n t e r s , b u t s w i t c h i n g i s on a 
h i e r a r c h i a l b a s i s and e i g h t fewer l i n k s a r e r e q u i r e d to 
complete the b a s i c network. 
Each c o n f i g u r a t i o n has d i s t i n c t advantages and d i s a d ­
vantages , but when the d o c t r i n e change was promulgated , 
the t r a f f i c eng ineer was forced to adapt a l l h i s procedures 
to the l a t t e r v e r s i o n . 
At the time o f t h i s w r i t i n g , the f i e l d army i s no 
l o n g e r used by the U . S . Army, but the tandem swi t ch ing 
ph i losophy w i l l p r o b a b l y be r e t a i n e d f o r the network which 
w i l l s erve the new o r g a n i z a t i o n a l s t r u c t u r e . 
For the purpose of t h i s t h e s i s , the p a r t i c u l a r 
s t r a t e g i c and t a c t i c a l s e t t i n g should not a l t e r the 
e f f i c a c y o f the procedures developed i n subsequent c h a p t e r s . 
However, a convent iona l w a r f a r e s i t u a t i o n e s c a l a t i n g in to 
a t a c t i c a l n u c l e a r exchange i s dep ic ted i n the s c e n a r i o 
o f Appendix D . This s c e n a r i o was chosen on ly because i t can 
p r o v i d e s e v e r a l events which w i l l r e q u i r e the communication 
F i g u r e 4 . Tandem Switch ing System 
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system to be r e c o n f i g u r e d and the common user requirements 
to be r e d i s t r i b u t e d . 
The s p e c i f i c c o n f i g u r a t i o n s used as examples i n 
the seque l a r e h y p o t h e t i c a l s w i t c h i n g systems which could 
r e a l i s t i c a l l y serve the type of o r g a n i z a t i o n w i th which 
each i s a s s o c i a t e d . A b a t t a l i o n network might be of the 
c o n f i g u r a t i o n dep ic t ed i n F i g u r e 5 » 
1 B a t t a l i o n HQ 
2 , 3 Engaged Companies 
4 Reserve Company 
F i g u r e 5 » H y p o t h e t i c a l B a t t a l i o n Network 
A d i v i s i o n network might be o f the c o n f i g u r a t i o n dep ic t ed 
i n F i g u r e 6 , but there could be d i f f e r e n t numbers o f 
l i n k s a n d / o r nodes . 
1 D i v i s i o n HQ 
2 S u p p o r t / A l t HQ 
3 , 4 Engaged B r i g a d e s 
5 Reserve B r i g a d e 
F i g u r e 6 . H y p o t h e t i c a l D i v i s i o n Network 
There a r e other d o c t r i n a l c o n s i d e r a t i o n s such as 
v u l n e r a b i l i t y and s u r v i v a b i l i t y which w i l l be d i s c u s s e d 
b r i e f l y i n Chapter l i l t these w i l l c e r t a i n l y be f a c t o r s i n 
determining which c o n f i g u r a t i o n s might be a c c e p t a b l e i n a 
18 
g iven s i t u a t i o n . However, the graph t h e o r e t i c and 
mathematical programming approaches o f the f o l l o w i n g 
chapters do not depend on the p a r t i c u l a r c o n f i g u r a t i o n 
to which they are a p p l i e d . 
The v a r i o u s b a t t a l i o n , d i v i s i o n , and h i g h e r echelon 
networks a r e a l l in terconnec ted , and i t should be p o s s i b l e 
f o r any user to c a l l any other user a t any l e v e l i f no 
r e s t r i c t i o n s a r e p l a c e d on i n t e r - n e t t r a f f i c . F i g u r e 7 
shows how some of the networks i n a t h e a t e r o f o p e r a t i o n s 
might be interconnected? a d i v i s i o n might have up to 
f i f t e e n b a t t a l i o n s , a corps might have up to f i v e d i v i s i o n s , 
and a thea ter could c o n c e i v a b l y deploy s e v e r a l c o r p s . 
A l a r g e s c a l e deployment w i l l i n v o l v e the i n t e r c o n n e c t i o n 
o f many separa te ne tworks . 
Communications H from the foxho le to the White House** 
are p o s s i b l e t however, i t i s u n l i k e l y t h a t requirements 
o f tha t nature e x i s t . I t i s e s s e n t i a l to r e a l i z e t h a t each 
network w i l l have i n t r a - n e t and i n t e r - n e t r e q u i r e m e n t s . 
Thus, w h i l e the requirements i n any one network might be 
independent o f the requirements i n the a d j a c e n t or d i s t a n t 
networks , the s a t i s f a c t i o n of each networks* requirements 
i s not a proces s which can be conducted independent ly 
w i thout c o n s i d e r i n g the whole scheme o f i n t e r c o n n e c t i o n 
and the complete s e t o f requirements generated by the 
e n t i r e user p o p u l a t i o n . 
F i g u r e 7» I n d i v i d u a l Networks Interconnected 
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Common User Requirements 
Communications f a l l in to the broad c a t e g o r i e s of 
s o l e user and common user as was e x p l a i n e d i n Chapter I , 
and requirements e x i s t f o r s e r v i c e us ing v a r i e d media . 
V o i c e , t e l e t y p e w r i t e r , d a t a , f a c s i m i l e , and t e l e v i s i o n 
a l l are p o t e n t i a l l y u s e f u l i n the combat environment. 
So le user requirements a r e g i v e n h i g h e s t p r i o r i t y and are 
thus s a t i s f i e d f i r s t . Even though des ignated as "common 
user*', requirements i n some media ( e . g . t e l e t y p e w r i t e r and 
secure v o i c e ) r e q u i r e s p e c i a l hand l ing w i t h i n the communi­
c a t i o n systemi they a r e g e n e r a l l y s a t i s f i e d immediately 
a f t e r s o l e user requ irements . Any a s s e t s y e t remaining are 
normal ly a l l o c a t e d f o r the common user vo ice network. 
I n g e n e r a l , i t i s very d i f f i c u l t to p r e d i c t what 
the common user requirements w i l l be i n any g iven s i t ­
u a t i o n . E m p i r i c a l data from p a s t c o n f l i c t s a r e a v a i l a b l e , 
but e x t r a p o l a t i n g t h i s h i s t o r i c a l in format ion to p r e d i c t 
f u t u r e requirements would not be v a l i d . 
The t y p i c a l approach to g e n e r a t i n g a s e t o f 
requirements has been d i s t r i b u t i n g a q u e s t i o n n a i r e to 
i n t e r e s t e d o r g a n i z a t i o n s and ask ing them to enumerate 
a n t i c i p a t e d requ irements . P o o l i n g these data l e d to an 
o v e r a l l network s e r v i c e requ irement . I n i t i a l l y contemplated 
was an e x e r c i s e of t h i s type to determine " r e a l i s t i c " 
common user vo ice requirements f o r the s c e n a r i o o f 
Appendix D . However, the c o n s t r u c t i o n of an a p p r o p r i a t e 
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m u l t i p l e - c r i t e r i a model, the c o l l e c t i o n and r e d u c t i o n of 
adequate d a t a , and the subsequent i n t e r p r e t a t i o n of r e s u l t s 
was s e l f - a d j u d g e d to be a task of such magnitude as to f a r 
surpass the time and r e s o u r c e c o n s t r a i n t s imposed f o r t h i s 
t h e s i s . 
The t r a f f i c engineer w i l l g e n e r a l l y be a b l e to 
s a t i s f y the s o l e user and s p e c i a l s e r v i c e common user 
requ irements . This w i l l l e a v e a r e s i d u a l of c i r c u i t s from 
which he can d e r i v e the common user vo ice network. "Normal'* 
requirements might then be determined from s tudying the 
t r a f f i c under "normal" c ircumstances and a p p l y i n g accepted 
commercial t r a f f i c e n g i n e e r i n g p r a c t i c e s . This approach 
has been t r i e d both i n combat and by computer s i m u l a t i o n . 
The accuracy o f the p r e d i c t i o n s r e s u l t i n g from a s i m u l a t i o n 
study can be judged only a f t e r comparing the p r e d i c t e d and 
a c t u a l requirements;--and there i s no way to v a l i d a t e the 
r e s u l t o f the s imula t ion s h o r t of engaging i n combat. The 
c a p a b i l i t i e s and l i m i t a t i o n s of the commercial p r a c t i c e s 
a r e d i scussed in the next s e c t i o n . 
The approach which t h i s study takes i s to assume 
t h a t some s e t of i n i t i a l common user vo ice requirements 
i s a v a i l a b l e . The problem i s then one of us ing the r e s i d u a l 
c i r c u i t a s s e t s to s a t i s f y t h i s requirement a c c o r d i n g to 
some c r i t e r i o n or c r i t e r i a which d o c t r i n e or the 
commander deems a p p r o p r i a t e . 
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I n a p p l i c a b i l i t y Of T r a f f i c E n g i n e e r i n g Theory 
I t was mentioned i n Chapter I that m i l i t a r y and 
commercial networks d i f f e r because o f f a c t o r s such as 
m o b i l i t y , d i s p e r s i o n , s u s c e p t a b i l i t y to damage, and time 
c o n s t r a i n t s f o r r e c o n f i g u r a t i o n . These d i f f e r e n c e s make 
i t i m p r a c t i c a l , a t b e s t , or i m p o s s i b l e , a t w o r s t , to app ly 
t r a d i t i o n a l t r a f f i c e n g i n e e r i n g theory and p r a c t i c e s to 
a t a c t i c a l network. 
I n a commercial network there are some times when 
t r a f f i c l oads a r e q u i t e p r e d i c t a b l e . For example, M i n a ( 8 0 ) 
e x p l a i n s that the b u s i e s t hour o f the day i s u s u a l l y i n 
l a t e morning, the b u s i e s t days of the week a r e Monday and 
F r i d a y , the b u s i e s t season i s Autumn, and the b u s i e s t days 
of the year are Christmas and M o t h e r ' s Day, No such 
p r e d i c t i o n s are a p p l i c a b l e in combat. 
A b a s i c assumption o f commercial t r a f f i c e n g i n ­
e e r i n g i s that i n d i v i d u a l c a l l s a r e independent except 
d u r i n g c i v i l emergencies . Comparable "emergencies** a r e 
more the r u l e than the except ion i n a combat s i t u a t i o n , so 
the independence assumption i s most i n a p p r o p r i a t e . Ho ld ing 
times of commercial c a l l s are assumed to have a n e g a t i v e 
e x p o n e n t i a l d i s t r i b u t i o n ! t h i s assumption has some v a l i d i t y 
f o r m i l i t a r y c a l l s „ but the m i l i t a r y can enforce s h o r t e r 
h o l d i n g times and thus truncate the p o s t u l a t e d d i s t r i b u t i o n . 
Commercial c a r r i e r s t r y to ba lance customer 
s a t i s f a c t i o n and p l a n t expendi tures to maximize p r o f i t . No 
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such o b j e c t i v e i s r e a d i l y a v a i l a b l e f o r a m i l i t a r y t r a f f i c 
eng ineer , so the d e f i n i t i o n o f h i s g o a l i s i m p r e c i s e . I t 
i s o f t en s t a t e d as a d e c e p t i v e l y s imple g o a l - - " p r o v i d e the 
b e s t p o s s i b l e s e r v i c e " — w i t h the s p e c i f i c o b j e c t i v e s and 
c o n s t r a i n t s to be determined by the e n g i n e e r . 
Commercial t r a f f i c s t u d i e s take p l a c e over extended 
p e r i o d s o f time and accumulate v a s t q u a n t i t i e s o f data? the 
r e l a t i v e s t a b i l i t y of commercial o p e r a t i o n s makes t h i s an 
e f f i c i e n t procedure and enab le s the p r o f i t maximizat ion 
to be q u i t e p r e c i s e . H o w e v e r , l engthy t r a f f i c s t u d i e s i n 
combat would be s e n s e l e s s because o f the ever -chang ing 
s ta tus of the networkt system c o n f i g u r a t i o n changes would 
render data o b s o l e t e b e f o r they could be p r o p e r l y ana lyzed 
and acted on to improve s e r v i c e . 
Over loads a r e not common i n commercial networksi 
when they do occur i t i s f o r time p e r i o d s measured i n 
seconds, and such o v e r l o a d s can be handled e f f e c t i v e l y by 
p r a c t i c e s known as " l i n e l oad c o n t r o l " . However, such 
was not the case when P r e s i d e n t F . D . R o o s e v e l t d i e d i the 
o v e r l o a d p r e c i p i t a t e d by the announcement o f h i s demise 
caused the n a t i o n - w i d e d i a l i n g system to c o l l a p s e , and i t 
was s e v e r a l hours b e f o r e normal s e r v i c e could be r e s t o r e d . 
Over loads w i l l be common i n a m i l i t a r y network because 
c a l l s a r e not independent d u r i n g c r i s e s and c a p a c i t i e s 
a r e s e v e r e l y l i m i t e d . More c o n s i d e r a t i o n must be g i v e n to 
maximizing the f l o w o f e s s e n t i a l communications and 
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reduc ing the o v e r l o a d s by a p p l i c a t i o n of c o n t r o l p r o c e d u r e s . 
There i s g r e a t r o u t i n g f l e x i b i l i t y i n the B e l l 
System l o n g d i s t a n c e network. For example, i t would not 
be i m p r a c t i c a l or unusual to route a group (12 c i r c u i t s ) or 
a supergroup ( 6 0 C i r c u i t s ) from New York to Denver to 
D a l l a s to A t l a n t a i n order to complete New York - A t l a n t a 
c a l l s . Such group r o u t i n g i s not an admissab le p r a c t i c e i n 
a t a c t i c a l network. 
There a r e o ther reasons why commercial p r a c t i c e s 
are not e a s i l y t r a n s f e r r e d to a m i l i t a r y network, but 
from the d i f f e r e n c e s mentioned above i t should be c l e a r 
why the m i l i t a r y networks must be t r e a t e d as unique cases 
and not merely as subcases or ex tens ions o f commercial 
ne tworks . This t h e s i s i s concerned w i t h e x p l o i t i n g network 
f low theory to f i l l gaps where t r a f f i c e n g i n e e r i n g theory 
and p r a c t i c e are i n a p p r o p r i a t e . 
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CHAPTER I I I 
NETWORK THEORETICS 
There a r e s e v e r a l communication s i t u a t i o n s to which 
graph t h e o r e t i c and network f l o w approaches might be 
a p p l i e d . This chapter d i s c u s s e s the p o t e n t i a l s o f s h o r t e s t 
path and r o u t i n g techniques , m u l t i t e r m i n a l f l o w t echn iques , 
and multicoramodity f l ow a lgor i thms f o r s o l v i n g some 
problems o f common user network management. P a r t i c u l a r 
emphasis i s p l a c e d on c o n t r o l l i n g the network d u r i n g 
p e r i o d s of o v e r l o a d and under c ircumstances r e q u i r i n g 
f r e q u e n t and r a p i d network r e c o n f i g u r a t i o n s and c a l l 
r e d i s t r i b u t i o n s . 
I n a l l c a s e s , the common user network w i l l be 
d e r i v e d on ly from c i r c u i t s remaining a f t e r a l l s o l e user 
and s p e c i a l s e r v i c e requirements a r e cons idered to be 
s a t i s f i e d or u n s a t i s f i a b l e . I n i t i a l d i s t r i b u t i o n s a r e 
cons idered assuming that some s e t o f i n i t i a l requirements 
i s a v a i l a b l e e i t h e r by d i c t a t e o f the commander, by 
a p p l i c a t i o n o f d o c t r i n a l p r i n c i p l e s , or from a n a l y s i s o f 
t r a f f i c d a t a . Subsequent r e d i s t r i b u t i o n s w i l l be 
cons idered based on the t a c t i c a l event s , the e f f e c t o f 
these events on the communication system, and some 
a p p r o p r i a t e r e v i s i o n o f the i n i t i a l r e q u i r e m e n t s . 
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Rout ing Of C a l l s Through Networks 
The common user network can be d e s c r i b e d by a 
graph N ( S , L ) where S * { s i » 8 2 » • • • a r e m s w i t c h i n g 
centers and L • ^ l j , ! , , . . • . , l n } a r e n u n d i r e c t e d l i n k s 
connect ing the swi tch ing centers i n some c o n f i g u r a t i o n . 
L e t l j j be an und irec ted l i n k connect ing s^ and s^ hav ing 
a c i r c u i t c a p a c i t y c^y C « c^^ i s an m x m c a p a c i t y 
matr ix where c ^ i s the c a p a c i t y o f 1 ^ . L » j l^J i s an 
m x m inc idence matr ix where 1 ^ * 1 i f c^.. > 0 and 1 ^ * 0 
i f c^j « 0 V i , j , C and L a r e both symmetric matr i ce s % 
e i t h e r matr ix can be used to determine the c o n f i g u r a t i o n 
of N . For example, cons ider the network o f F i g u r e 8 . 
F i g u r e 8. Reference Network 
C i r c l e s r e p r e s e n t s w i t c h i n g c e n t e r s ( n o d e s ) and the numbers 
t h e r e i n denote the i**1 s w i t c h i n g c e n t e r . The numbers on the 
l i n k s denote the l i n k c a p a c i t i e s and the l e t t e r s a r e merely 
another way to r e p r e s e n t r e s p e c t i v e l ^ j ' s » From a 
network diagram i t i s a s imple task to c o n s t r u c t e i t h e r 
the c a p a c i t y matr ix or the inc idence m a t r i x . For the 
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s p e c i f i c network o f F i g u r e 81 
L » 
0 1 1 1 
1 0 1 0 
1 1 0 1 
1 0 1 0 c = 
0 3 5 9 
3 0 6 0 5 6 0 8 9 0 8 0 
I t i s easy to determine the s h o r t e s t r o u t e s i n 
s imple networksi f o r the a n t i c i p a t e d t a c t i c a l c o n f i g u ­
r a t i o n s the s o l u t i o n i s t r i v i a l . To avo id c o n f u s i o n , 
r o u t i n g s w i l l a lways be cons idered from ŝ -*>8̂ , i < j i 
only the p o r t i o n s of L and C above the main d i a g o n a l 
c o n s t i t u t e a l l o w a b l e r o u t e s r e g a r d l e s s o f whether the c a l l 
o r i g i n a t e s a t s^ or By Although the l i n k s have some 
s p e c i f i c l ength ( e i t h e r the l e n g t h o f c a b l e between s^ and 
8̂  f o r a c a b l e / c a r r i e r system of the s t r a i g h t - l i n e d i s t a n c e 
between s^ and s^ f o r a r a d i o / c a r r i e r system) we a r e 
concerned only w i th the number of c i r c u i t s used i n a r o u t e ; 
t h e r e f o r e , the l ength o f a l i n k can be cons idered as equa l 
to 1 i f the l i n k has a c a p a c i t y g r e a t e r than 0 , I f no l i n k 
e x i s t s between a p a i r o f sw i t ch ing c e n t e r s , the l e n g t h o f 
the d i r e c t l i n k between them i s 00. 
The Army*8 l a r g e s t communication s i m u l a t i o n model , 
SIMCE, uses the f o l l o w i n g r o u t i n g doctr ine(17)1 
1 . A l l t r a f f i c must be routed over the s h o r t e s t 
path 1 that i s , through the minimum number of s w i t c h i n g 
c e n t e r s . 
2. A l l c a l l s between a p a i r o f s w i t c h i n g c e n t e r s 
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M U S T F O L L O W T H E S A M E R O U T E . 
3 . W H E N M O R E T H A N O N E M I N I M U M P A T H E X I S T S , T H E M O S T 
D I R E C T P A T H A W A Y F R O M T H E C O M M I T T E D F O R C E S M U S T B E S E L E C T E D . 
P R E S U M A B L Y , T H I S D O C T R I N E M I G H T A L S O B E U S E D F O R A N 
A C T U A L N E T W O R K . A S C A N B E S H O W N , T H E S E R U L E S D O N O T A L L O W 
F O R O P T I M I Z A T I O N O R S U B - O P T I M I Z A T I O N O F S O M E C R I T E R I A 
W H I C H H A V E B E E N A D J U D G E D R E A S O N A B L E M E A S U R E S O F N E T W O R K 
E F F I C I E N C Y . F O R T H E N E T W O R K O F F I G U R E 8 T H E S I M C E D O C T R I N E 
W O U L D A L L O W O N L Y T H E F O L L O W I N G R O U T I N G S . 
P A I R R O U T E 
1 . 2 B 
1 . 3 C 
1 . 4 D 
2 . 3 A 
2 . 4 B D 
3 . ^ E 
N O U S E I S M A D E O F C A P A C I T I E S W H I C H M I G H T R E M A I N O N N O N - S I M C E 
R O U T E S , A N D I T I S L I K E L Y T H A T S O M E R E Q U I R E M E N T S M I G H T N O T 
B E S A T I S F I E D . N E I T H E R T H E O P T I M A L M U L T I F L O W S O L U T I O N S N O R 
T H E H E U R I S T I C F L O W P R O C E D U R E S O L U T I O N S P R E S E N T E D I N T H I S 
C H A P T E R A R E S O R E S T R I C T I V E A S T H E S I M C E D O C T R I N E . 
T H E R E A R E , H O W E V E R , D I S T I N C T D I S A D V A N T A G E S T O 
A L L O W I N G C A L L S B E T W E E N N O D E P A I R S T O U S E A L L P O S S I B L E 
R O U T E S . E V E R Y C I R C U I T U S E D I N A R O U T I N G I S O N E L E S S C I R C U I T 
T H A T C O U L D B E U S E D T O F O R M S O M E O T H E R R O U T I N G . A L T E R N A T E 
R O U T I N G , T H E R E F O R E , C A N B E C O M E A M A J O R F A C T O R I N C A U S I N G 
O V E R L O A D S A N D T H E E N S U I N G C O L L A P S E O F T H E N E T W O R K . I N 
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essence , as the l oad i n c r e a s e s the amount of a l t e r n a t e 
r o u t i n g should be decreased commensurate w i t h the amount 
and the nature ( i . e . , network-wide or l o c a l i z e d ) o f the 
o v e r l o a d . This problem i s much d i s c u s s e d i n the communi­
c a t i o n l i t e r a t u r e i n c l u d i n g the a r t i c l e s by Lewis and 
S c h w e n z f e g e r ( 7 1 ) i L a u d e ( 6 9 ) , B u r k e ( 8 ) , and B e n e s ( 6 ) . 
A l t e r n a t e r o u t i n g , on the o ther hand, has d i s t i n c t 
advantages i f one i s c o n s i d e r i n g the v u l n e r a b i l i t y and 
s u r v i v a b i l i t y o f the network as i t r e l a t e s to the e x e r c i s e 
o f command and c o n t r o l . C o n s i d e r a b l e r e s e a r c h has been 
conducted to determine what system c o n f i g u r a t i o n s b e s t meet 
s p e c i f i e d s u r v i v a b i l i t y and v u l n e r a b i l i t y c r i t e r i a and a l s o 
what s t r a t e g i e s a r e b e s t f o r the a t t a c k e r and defender of 
a communication systemi c . f . J a r v i s ( 6 l ) . However, t h i s 
p r e s e n t t h e s i s i s not concerned wi th d e v e l o p i n g an opt imal 
communication system except as d i s c u s s e d i n Chapter V I . 
The t a c t i c a l system c o n f i g u r a t i o n s a r e determined more by 
t a c t i c a l and g e o g r a p h i c a l c o n s i d e r a t i o n s and, p o s s i b l y , by 
the s o l e user r e q u i r e m e n t s . We a r e p r e s e n t l y concerned 
on ly wi th the common user network d e r i v e d from r e s i d u a l 
a s s e t s of whatever communication system i s deployed to 
meet these o ther c r i t e r i a . 
R e f e r r i n g once a g a i n to F i g u r e 8, i t i s easy to 
determine a l l p o s s i b l e r o u t e s i n the network such t h a t 
no swi tch ing center i s used more than once . A l l p o s s i b l e 
3 0 
r o u t e s are enumerated b e l o w . 






b d . a e f acd , bee 
e, c d , abd 
b , c a , dea 
c, b a , de 
d, c e , bae 
a , b e , bde 
The ques t i on o f which r o u t e s should be a l l o w e d i s one 
which must be tempered by the exper ience o f the t r a f f i c 
eng ineer b u t . as w i l l be shown l a t e r , the use o f a l t e r n a t e 
r o u t e s w i l l be necessary i n many s i t u a t i o n s , and the 
s h o r t e s t - r o u t e - o n l y p o l i c y i s not n e c e s s a r i l y the b e s t . A l s o 
to be cons idered i s the f a c t tha t a u d i b i l i t y and i n t e l l i ­
g i b i l i t y a r e r e l a t e d to the number o f l i n k s i n a r o u t e . 
For more complicated networks the s h o r t e s t r o u t e 
and the n**1 s h o r t e s t r o u t e problems may not be so s i m p l e , 
b u t numerous a lgor i thms e x i s t f o r these computat ions . 
P r i c e ( 9 0 ) d e s c r i b e s s i x such a l g o r i t h m s a t t r i b u t e d to 
o ther r e s e a r c h e r s t any o f these a l g o r i t h m s and many more 
found throughout the l i t e r a t u r e cou ld be used i f a network 
i s so complex as to de fy r o u t e de terminat ion by i n s p e c t i o n . 
S ince the networks wi th which t h i s t h e s i s i s concerned a r e 
s imple and a l l e x i s t i n g l i n k s have l e n g t h * 1, the r o u t e 
de terminat ion w i l l be done by i n s p e c t i o n ! the s e l e c t i o n of 
a l l o w a b l e r o u t e s w i l l be d i s cussed l a t e r . 
An easy check to determine i f a l l t w o - l i n k r o u t e s 
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have been enumerated can be accomplished u s i n g the methods 
d e s c r i b e d by Seshu and R e e d ( 9 7 ) . The e n t r i e s of L z enumerate 
the number o f r o u t e s of l e n g t h z through the network, both 
proper and redundant ( i . e . , i n t e r s e c t i n g ) paths b e i n g 
i n c l u d e d . For the network o f F i g u r e 81 
0 1 1 1 0 1 1 1 3 1 2 1 
1 0 1 0 1 0 1 0 1 2 1 2 
1 1 0 1 1 1 0 1 SB 2 1 3 1 
1 0 1 0 1 0 1 0 1 2 1 2-
S p e c i f i c a l l y , the 1 ^ e n t r i e s show the number o f t w o - l i n k 
r o u t e s between s^ and s^, i f j , and the 1 ^ e n t r i e s show 
the number of l i n k s i n c i d e n t a t s^. The 1 ^ , i + j , e n t r i e s 
o f Ir w i l l show the number of t h r e e - l i n k r o u t e s between 
s^ and Qy but these r o u t e s may pass through some s w i t c h i n g 
center more than once , t h i s reduces the u s e f u l n e s s o f 
3 4 
L , L , e t c , except to note t h a t these matr i ce s can be 
used to determine the number of l i n k s i n the l o n g e s t o f the 
s h o r t e s t r o u t e s between a l l node p a i r s i n the network . That 
number i s the s m a l l e s t number y such t h a t 
A ( y ) » L + L 2 • . . . + L y 
has no zeros i n i t . For the network o f F i g u r e 8 , bd ( 2 , 4 ) 
i s o b v i o u s l y one o f the l o n g e s t o f the s h o r t e s t r o u t e s and 
2 
A ( 2 ) « L + L has no zeros i n i t . I n a smal l network i t i s 
u s u a l l y a t r i v i a l task to f i n d the f ewes t number o f l i n k s 
r e q u i r e d to connect any p a i r o f nodes? however i n a l a r g e r 
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network made up o f in terconnected smal l er networks ( such 
as the scheme dep ic t ed i n F i g u r e 7 ) the s o l u t i o n o f t h i s 
problem i s anything but t r i v i a l and the m u l t i p l i c a t i o n o f 
the inc idence matr ix becomes a v a l u a b l e technique* 
I f one examines the matr ix P * LC i t i s n o t i c e d 
that p ^ g i v e s the number o f c i r c u i t s which a r e i n c i d e n t 
to s^. Since there a r e c a p a c i t y l i m i t a t i o n s a t s w i t c h i n g 
c e n t e r s , the number of r e s i d u a l c i r c u i t s i n c i d e n t a t any 
swi tch ing center i n not n e c e s s a r i l y the number o f c i r c u i t s 
that can be used i n the common user ne twork. For the 
network o f F i g u r e 8 i 
0 3 5 9 ] [l? 
3 0 6 0 M 9 
5 6 0 8 1 9 
9 0 8 O j [ 1 7 , 
O b v i o u s l y , i f each t w i t c h i n g center had a t w e l v e - l i n e 
sw i t ch ing c a p a c i t y , the number o f a v a i l a b l e c i r c u i t s i s i n 
excess o f the number tha t can be used i n the common user 
network* 
No s p e c i f i c common user c a l l r o u t i n g d o c t r i n e such 
as the one uBed f o r SIMCE i s p r e s c r i b e d h e r e . R a t h e r , the 
p o l i c y should depend on the p a r t i c u l a r s i t u a t i o n and the 
t r a f f i c e n g i n e e r ' s assessment o f a l l p e r t i n e n t f a c t o r s . 
S u r e l y any p o l i c y w i l l c o n s i d e r the obv ious p r i n c i p l e s 
such ast 
1 , S h o r t e s t r o u t i n g should be cons idered f i r s t 
P = LC 
0 1 1 1 
1 0 1 0 
1 1 0 1 
1 0 1 0 
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but not e x c l u s i v e l y , 
2, E x c e s s i v e a l t e r n a t e r o u t i n g can c o n t r i b u t e 
to o v e r l o a d s , 
3 , No c y c l i c a l r o u t i n g ( r e f e r r e d to i n commercial 
j a r g o n as " r i n g - a r o u n d - t h e - r o s y * ) i s a l l o w a b l e , 
4 , Swi tch ing c a p a c i t i e s must not be exceeded. 
I t must be noted t h a t r o u t i n g c o n t r o l i s f a r s impler 
i n manual networks than i t i s i n automatic ne tworks . This 
s i t u a t i o n w i l l add g r e a t complexi ty to the so f tware o f the 
t a c t i c a l e l e c t r o n i c swi tches un le s s some t e c h n o l o g i c a l 
breakthrough r e n d e r s p r e s e n t s w i t c h i n g concepts o b s o l e t e , 
M u l t i t e r m i n a l Flows 
This s e c t i o n c o n s i d e r s the problem o f determinimg 
the maximum f l o w o f c a l l s between any node p a i r i n the 
network, a l l o ther nodes b e i n g cons idered as in termedia te 
s w i t c h i n g c e n t e r s . I n a t a c t i c a l s i t u a t i o n t h i s might be 
e q u i v a l e n t to usurp ing the e n t i r e common user network to 
maximize the c a l l i n g c a p a c i t y between two d e s i g n a t e d nodes 
and then a l l o w i n g any l e f t o v e r c a p a c i t y to r e v e r t to the 
common user network. Such an event would not be u n r e a l i s t i c 
under c e r t a i n emergency s i t u a t i o n s . 
I f some minimum m u l t i t e r m i n a l f l o w requirements 
a r e s p e c i f i e d , i t i s p o s s i b l e to c o n s t r u c t a network 
s a t i s f y i n g those f l o w s . This problem was f i r s t s o l v e d by 
Mayeda(?8) who d e a l t on ly w i t h u n d i r e c t e d networks o f the 
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type with which t h i s t h e s i s i s concerned. Minimum c o s t 
undirected network r e a l i z a t i o n s have been presented by 
Gomory and Hu(44), C h i e n ( l O ) , and Wing and C h i e n ( l l l ) . The 
s y n t h e s i s problem has been extended to unsymmetric 
requirements , n e g a t i v e branch c a p a c i t i e s , and pseudo-
symmetric networks? F r i s c h and Sen(41) have publ i shed a 
g e n e r a l a l g o r i t h m . R e a l i z a t i o n of a s e t of m u l t i t e r m i n a l 
requirements i s not of i n t e r e s t for t h i s t h e s i s because 
of the r e s t r i c t i v e nature of the r e s i d u a l network wi th 
which we must d e a l . 
M u l t i t e r m i n a l f low a n a l y s i s i s of concern . Given 
a network, we wish to determine what the m u l t i t e r m i n a l 
c a p a c i t i e s are and, p o s s i b l y , to ana lyze the s e n s i t i v i t y 
of these c a p a c i t i e s to v a r i o u s events a f f e c t i n g the 
network. A simple m u l t i t e r m i n a l a n a l y s i s a lgor i thm was 
proposed by Gomory and Hu(46). S e n s i t i v i t y a n a l y s i s was 
presented by Elmaghraby(30) . I t i s these p r e s e n t a t i o n s 
which are b r i e f l y d i scussed in the f o l l o w i n g paragraphs . 
In any network there are ^m(m-l) p o s s i b l e node 
p a i r s . In very simple networks the m u l t i t e r m i n a l a n a l y s i s 
can o f t en be done by i n s p e c t i o n . For more complex 
networks i t might appear t h a t £m(m-l) maxflow problems 
would have to be s o l v e d , but t h a t i s not the c a s e . A n a l y s i s 
can be accomplished by doing only m-1 maxflow problems, 
and each of these i s done on a network which i s probably 
s impler than the complete network. 
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Elmagheaby has shown how to analyze the e f f e c t 
o f a decreasre or i n c r e a s e i n the c a p a c i t y o f any l i n k . 
I t i s ev ident tha t the t ermina l c a p a c i t y o f any node p a i r 
which has a s p e c i f i c a r c i n i t s minimal cut s e t i s 
l i n e a r l y a f f e c t e d by an i n c r e a s e or decrease i n the c a p a c i t y 
o f tha t a r c . He f u r t h e r shows t h a t there i s a s e t o f 
" c r i t i c a l va lues" f o r each s p e c i f i c a r c i when these v a l u e s 
a r e reached the t ermina l c a p a c i t i e s o f some o ther p a i r or 
p a i r s which d i d not i n i t i a l l y have tha t a r e i n t h e i r 
minimal cut s e t s are now reduced as t h a t arc f i n a l l y 
en ters t h e i r minimal cut s e t s . I n c r e a s e s i n a r c c a p a c i t y 
can be analyzed by making the arc c a p a c i t y somewhat l a r g e r 
than the intended i n c r e a s e and a n a l y z i n g s e n s i t i v i t y to 
r e d u c t i o n from t h i s i n f l a t e d c a p a c i t y thus determining 
p r e c i s e l y the e f f e c t in the r e g i o n o f the intended 
l i n k o v e r b u i l d . 
M u l t i t e r m i n a l a n a l y s i s techniques are demonstrated 
by s imple examples i n Appendix B . 
Multicommodity Flows 
The multicommodity maximum f low problem i s s ta tedt 
g iven a network wi th s p e c i f i e d l i n k c a p a c i t i e s , a s e t o f 
source nodes £ a t b , c ( > . . . } , and a s e t o f s ink nodes 
a * , b * , c ' , . . . } , what i s the maximum t o t a l f l o w o f commo­
d i t i e s i n the network where commodity A has source a and 
s ink a*, commodity B has source b and s ink b * , e t c . , and 
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a l l commodities f low s imul taneous ly . 
A common user te lephone network i s a c t u a l l y a 
multicommodity f l ow s i t u a t i o n where C = j c ^ i s the 
c a p a c i t y matr ix def ined p r e v i o u s l y and R * r ^ J w i l l be a 
requirements matr ix where r . , e x p r e s s e s , i n some manner, 
the requirements between s. and s . . A l l r . . must be met 
1 J i j 
s imul taneous ly to s a t i s f y a l l u s e r s , the u n i t s o f r . . w i l l 
be d i scussed in the next s e c t i o n . 
Ford and F u l k e r s o n(34) presented the seminal paper 
on multicommodity f l ows i n which they formulated the 
a r c - c h a i n s o l u t i o n . T o m l i n(104) showed that the node-arc 
formula t ion of the same problem i s e q u i v a l e n t to the 
a r c - c h a i n formula t ion w i t h i n a change of v a r i a b l e t 
J a r v i s ( 6 2 ) proved that the node-arc and a r c - c h a i n 
formulat ions a r e complete ly e q u i v a l e n t . Other papers o f 
i n t e r e s t i n the g e n e r a l multicommodity f low a r e a a r e those 
o f H a k i m i ( 5 D . T a n g ( l O O ) , and H u ( 5 7 ) . R o t h s c h i l d and 
W h i n s t o n (94) presented a max-f low min-cut theorem f o r 
two-commodity ne tworks . R o t h f a r b and F r i s c h(93) p r o v i d e a 
s o l u t i o n f o r three-commodity f l ow problems i n networks 
wi th no i n t e r n a l nodes . T a n g ( l O l ) and Onaga, Kakuso and 
K a t o(84) p r o v i d e a lgor i thms f o r multicommodity f l ow i n a 
r e s t r i c t e d c l a s s of b i p a t h networks . 
There i s no g e n e r a l opt imal multicommodity f l o w 
assignment a l g o r i t h m . Problems wi th more than three 
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commodities must u s u a l l y be so lved by l i n e a r programming 
techniques . The problem can be s t a t e d a s ( 6 5 ) 1 
MAX 
ST 
Z f i j ; j 
Z f 
m I M J 
P I J K « c i j 
j . k K I J <
 s i 
f* I J K ? 0 
Demand 
Link 
C a p a c i t y 
Swi tch ing 
C a p a c i t y 
V i , ; j , k 
I n an i d e a l common user network i t i s p o s s i b l e f o r 
any user to c a l l any other user* presumably there i s a 
known non-negat ive requirement between each p a i r o f 
p o t e n t i a l u s e r s . I n g e n e r a l , a network c o n t a i n i n g p users 
cou ld generate a s e t o f p ( p - l ) r e q u i r e m e n t s . Since i t takes 
two users to complete a c a l l there a r e , c o n c e i v a b l y , 
i p ( p - l ) p o s s i b l e s imultaneous r e q u i r e m e n t s . We c o n s i d e r a l l 
c a l l s f l o w i n g from a. to s , , i < j , r e g a r d l e s s o f where the 
c a l l o r i g i n a t e s . Thus P * p^J i s a p x p symmetrical 
matr ix where i s the c a l l i n g requirement between the 
i t h and ; j * h i n d i v i d u a l u s e r s . S ince P i s symmetrical 
on ly the requirements above the main d i a g o n a l need be 
c o n s i d e r e d . 
Rather than d e a l w i t h p u s e r s , i t i s convenient 
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to c o n s o l i d a t e t h e i r i n d i v i d u a l requirements a t the 
m swi tch ing c e n t e r s . This a l l o w s us to use R » |r^J 
as the b a s i s f o r e n g i n e e r i n g the networki R i s an m x m 
m a t r i x . We a r e now faced wi th a multicommodity f l o w 
problem i n v o l v i n g i ra (m- l ) commodities . Thus a two-node 
network has but a s i n g l e commodity and i t s s o l u t i o n i s 
t r i v i a l . The networks p i c t u r e d as examples i n Chapter I I 
a r e v e r y smal l but the four -node network has s i x commod­
i t i e s j the f i v e - n o d e network has ten commoditiest and 
the s ix teen-node network has 120 commodities. C l e a r l y no 
h e u r i s t i c f l o w procedure w i l l p r o v i d e an opt imal 
s o l u t i o n i n such s i t u a t i o n s . 
The l i n e a r programming f o r m u l a t i o n s a r e a l s o 
q u i t e f o r m i d a b l e . Juncosa and Kalaba(64) s t a t e t h a t there 
2 3 a r e about 2m c o n s t r a i n t s and almost nr v a r i a b l e s f o r 
the u s u a l prob lems . Thus a four -node network might 
have 32 c o n s t r a i n t s and n e a r l y 64 v a r i a b l e s i the f i v e -
node network might have 50 c o n s t r a i n t s and almost 125 
v a r i a b l e s $ and the s ix teen-node network might have 512 
c o n s t r a i n t s and a lmost 4096 v a r i a b l e s . Even the s m a l l e s t 
network problems are not so lved e a s i l y , and the l a r g e r 
problems a r e s o l v a b l e on ly by l a r g e - c a p a c i t y computer 
programs. There i s no apparent technique f o r i n i t i a l l y 
c o n f i g u r i n g a c on s t r a in ed common user ne twork—at l e a s t 
there i s no technique which i s easy enough f o r t a c t i c a l 
employment. There i s c e r t a i n l y no s imple technique f o r 
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making the r a p i d r e d i s t r i b u t i o n d e c i s i o n s which w i l l be 
r e q u i r e d i n an o p e r a t i o n a l environment, and there i s no 
obvious way o f us ing multicommodity f l o w techniques d u r i n g 
the a n t i c i p a t e d p e r i o d s o f extreme o v e r l o a d s . I t i s 
these p a r t i c u l a r problems which are addressed nest* 
A p p l i c a b l e M u l t i f l o w Techniques 
We now ana lyze the common user network wi th the 
i n t e n t of determining how to maximize some measure of 
c a l l i n g c a p a c i t y g iven a s e t o f requirements and a s e t o f 
l i n k c a p a c i t i e s . The requirements could be expressed as 
e i t h e r f o r s imultaneous c a l l s a t any p o i n t in time or 
f o r c a l l s d u r i n g some i n t e r v a l of t ime. 
When expressed as a requirement a t a p o i n t i n time 
we, i n e f f e c t , deve lop a c o n f i g u r a t i o n which would r e s u l t 
from p r o v i d i n g high p r i o r i t y users w i th a preemption 
c a p a b i l i t y ensur ing complet ion of s p e c i f i e d c a l l s under a l l 
c o n d i t i o n s i n c l u d i n g o v e r l o a d . I f so e x p r e s s e d , we w i l l be 
a b l e to s p e c i f y which requirements w i l l be s a t i s f i e d and 
what r o u t i n g each c a l l w i l l take a t such time as a l l o f 
the preemption c a p a b i l i t i e s a r e executed . 
When expressed as requirements f o r some i n t e r v a l 
o f time we w i l l be a b l e to s p e c i f y the number o f c a l l s to 
be a l l owed between nodes d u r i n g the g i v e n i n t e r v a l and 
the r o u t i n g s the c a l l s w i l l t a k e . The minimum number o f 
c a l l s to be handled w i l l depend on the e n f o r c e a b l e h o l d i n g 
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timet i f the h o l d i n g time i s s p e c i f i e d to be as long as 
the i n t e r v a l of concern we are s o l v i n g the same problem 
as f o r the p o i n t - i n - t i m e requ irement . 
To change from a p o i n t - i n - t i m e problem to a time 
be m u l t i p l i e d by the s c a l a r i / H where I i s the time 
i n t e r v a l and H i s the h o l d i n g t ime, both q u a n t i t i e s 
be ing expressed i n the same u n i t s . 
These formula t ions a r e e q u a l l y v a l i d depending on 
the situation which i s being considered. The p o i n t - i n - t i m e 
requirements might be a p p l i c a b l e d u r i n g the i n i t i a l p e r i o d 
of o v e r l o a d ( e . g . immediately f o l l o w i n g the i n i t i a t i o n o f 
a t a c t i c a l n u c l e a r exchange) w h i l e the i n t e r v a l r e q u i r e ­
ments might be a p p l i c a b l e d u r i n g pro longed p e r i o d s o f known 
o v e r l o a d ( e . g . dur ing s e v e r a l hours f o l l o w i n g the c e s s a t i o n 
of the same weapons e x c h a n g e ) . Both problems can be so lved 
in e x a c t l y the same wayi i t can be shown that the s o l u t i o n s 
are e q u i v a l e n t and can be d i r e c t l y converted from one 
s i t u a t i o n to the o t h e r . I n p r a c t i c e i t would be necessary 
to s p e c i f y whether the c a p a c i t y and requirements matr i ces 
are f o r the p o i n t - i n - t i m e or time i n t e r v a l formulat iont the 
u n i t s of both c a p a c i t y and requirements are g e n e r a l l y l e f t 
out in t h i s t h e s i s . As a r e s u l t o f the maxflow computation 
we w i l l p r o v i d e a matr ix showing which requirements can be 
d i s t r i b u t e d through the network. We now cons ider how the 
maxflow c a l c u l a t i o n s might be accompl ished. 
i n t e r v a l problem the l i n k must 
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Optimal Methods 
The on ly known opt imal method f o r networks of any 
a p p r e c i a b l e s i z e and having s e v e r a l commodities i s l i n e a r 
programming. One g e n e r a l f o r m u l a t i o n was presented e a r l i e r 
i n t h i s chapter and was shown to be o f f o r m i d a b l e s i z e . 
For smal l networks such as those w i th which t h i s t h e s i s i s 
concerned, opt imal s o l u t i o n s can be c a l c u l a t e d and used as 
bases f o r comparing the e f f i c i e n c i e s o f sub-opt imal 
s o l u t i o n s . This i s done to some ex tent i n Appendix A . 
Route R e s t r i c t i o n 
I t i s p o s s i b l e to reduce the s i z e of the l i n e a r 
programming f o r m u l a t i o n by s p e c i f y i n g r e s t r i c t i o n s on the 
r o u t e s that can be used to complete c a l l s . For example, 
the network o f F i g u r e 6 has 7 3 p o s s i b l e r o u t e s d i s t r i b u t e d 
by l e n g t h as f o l l o w s t 
R e s t r i c t i n g the number of l i n k s used i n any r o u t e to some 
l i m i t ( e . g . one, two or three f o r the network o f F i g u r e 6) 
should p r o v i d e a sub-opt ima l s o l u t i o n wi th the c o n d i t i o n o f 
o p t i m a l i t y b e i n g approached as l o n g e r r o u t e s a r e p e r m i t t e d . 
A r o u t e r e s t r i c t i o n d e c i s i o n w i l l a l s o make f o r e a s i e r 
implementation o f a r o u t i n g c o n t r o l scheme. Route r e s t r i c t e d 










So lve the i n t r a - a r e a problems f o r each o f the e n c i r c l e d 
subnetworks! then s o l v e the i n t e r - a r e a maxflow problem 
which i n v o l v e s the tandem swi t ch ing nodes and the l i n k s 
connect ing them. 
I t might be r e a s o n a b l e to p a r t i t i o n the network 
i n t o forward and r e a r w a r d elements as shown i n the 
f o l l o w i n g drawingi 
s o l u t i o n s a r e demonstrated and compared to some opt imal 
s o l u t i o n s i n Appendix A . 
P a r t i t i o n i n g 
I t i s p o s s i b l e to g e t sub-opt imal s o l u t i o n s by 
p a r t i t i o n i n g a network. Us ing the s ix teen-node network 
there a r e s e v e r a l p a r t i t i o n i n g schemes t h a t deserve con­
s i d e r a t i o n . I f t r a f f i c i s g e n e r a l l y l o c a l i t might be 
l o g i c a l to p a r t i t i o n as shown belowt 
43 
Another approach would be to s o l v e the i n t e r - a r e a 
maxflow problem f i r s t and then s o l v e the i n t r a - a r e a problems 
f o r each subnetwork. This would r e q u i r e the assumption tha t 
l o n g e r - d i s t a n c e d c a l l s were o f more import than l o c a l a r e a 
c a l l s i such a communi ty -o f - in teres t de terminat ion i s 
u n l i k e l y i n a combat s i t u a t i o n . For a c a p a c i t a t e d network 
wi th o v e r l o a d i n g requ irements , the o r d e r i n which the 
i n t e r - a r e a and i n t r a - a r e a problems a r e so lved w i l l g r e a t l y 
a f f e c t the maximum t r a f f i c d i s t r i b u t i o n . 
Bipath Networks 
Onaga, Kakusko and K a t o ( 8 5 ) have presented an 
a l g o r i t h m f o r multicommodity f l o w s i n b i p a t h networksi the 
b i p a t h network was f i r s t in troduced by T a n g ( l O l ) who s o l v e d 
the problem of m u l t i f l o w by l i n e a r programming. An 
und irec ted network i s c a l l e d b i p a t h i f there a r e no more 
than two p r o p e r l y d i s j o i n t r o u t e s between any p a i r o f nodes 
i n the network, a r o u t e i s p r o p e r l y d i s j o i n t i f i t has 
a t l e a s t two l i n k s and a l l in termedia te nodes on these 
r o u t e s a r e d i s t i n c t . 
As an example o f how t h i s b i p a t h p r o p e r t y might be 
e x p l o i t e d i n the s ix teen-node network, cons ider only the 
problem of maximizing f l o w i n the tandem p o r t i o n of the 
network. There a r e f o u r nodes and s i x l i n k s ( a f u l l y -
connected g r a p h ) and there are s i x commodities . This p o r t i o n 
o f the network i s u s u a l l y drawn as i n the diagram which 
appears a t the top of the f o l l o w i n g p a g e . 
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Now redraw the network as i s done i n the next diagram where 
a i s the source and a* the s ink f o r a l l c a l l s between s^ 
and s 2 t b i s the source and b* the s ink f o r a l l c a l l s 
between s 1 and s^? e t c . . 
Redraw the network a l a s t time so that each commodity has 
a s e p a r a t e source node and a s e p a r a t e s ink node . 
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The l i n k s between source and s ink p a i r s w i l l have the same 
c a p a c i t i e s as the l i n k s o f the o r i g i n a l networki a l l o ther 
constructed l i n k s w i l l have i n f i n i t e c a p a c i t y . The network 
shown in the t h i r d diagram on the p r e c e d i n g page has the 
b i p a t h p r o p e r t y and the b i p a t h a lgor i thm can be a p p l i e d to 
g i v e an opt imal s o l u t i o n . 
H e u r i s t i c Flow Procedure 
A very easy h e u r i s t i c procedure can be shown to 
p r o v i d e sub-opt ima l but g e n e r a l l y c l o s e - t o - o p t i m a l 
multicommodity f l o w s f o r networks w i t h which we a r e con­
cerned . This procedure has been adapted s p e c i f i c a l l y f o r 
the common user network from a method a p p l i e d to d i r e c t e d 
t e l e t y p e w r i t e r networks by P o l l a c k and W a l l a c e ( 8 9 ) • 
1 . L e t r ^ be the requirement between s^ and Sy 
and l e t c^ be the c a p a c i t y of r o u t e k between s^ and Sy 
L e t A « M i n ( r ^ j , c^) . . When A c a l l s a r e a s s i g n e d to r o u t e c 
the unass igned requirement i s e q u a l to r^.. - A and the 
remaining c a p a c i t y of each l i n k l w i n r o u t e k i s - A . 
2 . S t a r t i n g wi th a * 1, a requirement i s never 
a s s i g n e d to a route o f l eng th a 4- 1 i f any requirements 
can be a s s igned to an a - l i n k r o u t e . 
3 . I f more than one a - l i n k r o u t e i s a v a i l a b l e f o r 
ass ignment , the maximal c a p a c i t y r o u t e i s chosen. 
4 . Any requirement can be a s s igned to more than 
one r o u t e j a r o u t e can be of any l e n g t h . 
5 . Once a p a r t i a l requirement has been a s s i g n e d 
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to a route o f l ength a , the remainder o f the requirement 
must remain unass igned u n t i l every other requirement has 
had an oppor tun i ty to be ass igned* 
6. Once a requirement has been a s s i g n e d , the next 
requirement chosen f o r assignment should o r i g i n a t e from 
and be des t ined f o r another p a i r o f s t a t i o n s . 
R e s u l t s of t h i s procedure a r e shown i n Appendix A , 
and the e f f i c i e n c y i s compared to those o f the opt imal and 
sub-opt imal l i n e a r programming s o l u t i o n s o f the same 
problems for a very restricted s i z e network w i th capacities 
and requirements randomly generated over s p e c i f i c r a n g e s . 
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CHAPTER IV 
REVISION OF COMMON USER REQUIREMENTS 
The most d i f f i c u l t problems encountered by a m i l ­
i t a r y t r a f f i c eng ineer w i l be caused by the requirements 
and c a p a c i t i e s changing a t the same time due, u s u a l l y , to 
some untoward event such as a switch f a i l u r e , n u c l e a r 
a t t a c k , e t c . . This chapter d i s c u s s e s the events which w i l l 
cause the t r a f f i c engineer to r e a s s e s s the network and, 
p o s s i b l y , r e c o n f i g u r e the network or r e a l i g n the d i s t r i ­
but ion of c a l l s . A technique f o r e s t imat ing the r e v i s e d 
requirements i s presented a long w i th a p r o o f o f the 
formula used in the e s t imat ion p r o c e d u r e . 
Changing Network C h a r a c t e r i s t i c s 
The network c h a r a c t e r i s t i c s which are s u b j e c t to 
change a r e l i n k c a p a c i t i e s and the number of nodes i n the 
network. Link c a p a c i t y changes may come about f o r a v a r i e t y 
o f r e a s o n s , some of which a r e . 
1. L ink f a i l u r e , in which case the l i n k c a p a c i t y 
i s reduced to z e r o . This may be temporary or permanent. 
2. C i r c u i t f a i l u r e , i n which case the l i n k 
c a p a c i t y i s reduced by the number of c i r c u i t s which f a i l ? 
t h i s i s more l i k e l y to be temporary than permanent. 
3 . Convers ion of c i r c u i t s to ded ica ted use , i n 
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which case the l i n k c a p a c i t y i s reduced by the number o f 
c i r c u i t s convertedn t h i s i s more l i k e l y to be permanent 
than temporary. 
4 . Re l ease of dedicated c i r c u i t s , which i s the 
converse o f the preced ing r e a s o n . 
5. L ink o v e r b u i l d s , i n which case a d d i t i o n a l 
c i r c u i t s w i l l be made a v a i l a b l e p r o v i d i n g the e n t i r e 
c a p a c i t y of the o v e r b u i l d i s not a l l o c a t e d f o r s o l e user 
or s p e c i a l s e r v i c e s . 
6. Node r e l o c a t i o n s , in which case p r e s e n t l i n k s 
w i l l be e l iminated and new l i n k s w i l l be c r e a t e d . This 
s i t u a t i o n u s u a l l y r e s u l t s when swi t ch ing centers d i s p l a c e 
i n support of changing troop d i s p o s i t i o n s . 
The number of nodes in a network may change. 
Reduct ion can occur e i t h e r by the d e s t r u c t i o n o f a 
swi tch ing center or by the removal of a sw i t ch ing center 
to another network. I n e i t h e r case the e l i m i n a t i o n o f a 
node can be t rea ted as a change i n l i n k c a p a c i t i e s by 
reduc ing the c a p a c i t y o f a l l i n c i d e n t l i n k s to zero* An 
i n c r e a s e i n the number of nodes might be l e s s common because 
e n t i r e swi tch ing centers a r e not kept i n r e s e r v e . However, 
the d isp lacement o f a sw i t ch ing center from another network 
might be contemplated to improve s e r v i c e i n a second 
network. A l s o the combining of two networks as f o r c e s a r e 
r e c o n s t i t u t e d a f t e r s u f f e r i n g l o s s e s could be t r e a t e d as the 
a d d i t i o n of sw i t ch ing centers to one or the o ther of the 
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networks b e i n g combined. 
As t h i s r e s e a r c h was s t a r t e d i t was expected t h a t 
some easy way would be found to handle these l i n k c a p a c i t y 
and network r e c o n f i g u r a t i o n changes . For those changes 
i n v o l v i n g a smal l number of c i r c u i t s the r e q u i r e d r e d i s ­
t r i b u t i o n s might be o b v i o u s , but f o r changes i n v o l v i n g a 
l a r g e number o f c i r c u i t s or m u l t i p l e l i n k s the r e q u i r e d 
r e d i s t r i b u t i o n s are anything but o b v i o u s . 
There i s a p p a r e n t l y no r e c o u r s e other than 
c o n s t r u c t i n g a new c a p a c i t y matr ix and s o l v i n g anew the 
c a l l d i s t r i b u t i o n problem. I f a l i n e a r programming formu­
l a t i o n i s b e i n g used t h i s w i l l mean changing the r i g h t - h a n d 
s i d e s of the c a p a c i t y c o n s t r a i n t s or adding new l i n k 
c a p a c i t y c o n s t r a i n t s f o r each new l i n k i n t r o d u c e d . I t w i l l 
a l s o mean reenumerat ing the r o u t e s tha t c a l l s between node 
p a i r s might use and c o r r e c t i n g the o b j e c t i v e f u n c t i o n , the 
requirements c o n s t r a i n t s , and the c a p a c i t y c o n s t r a i n t s . 
This i s tantamount to s o l v i n g a new network problem r a t h e r 
than doing a s e n s i t i v i t y a n a l y s i s o f the p r e v i o u s network 
s o l u t i o n . 
The m u l t i t e r m i n a l f low s o l u t i o n i s a l s o s e n s i t i v e 
to l i n k c a p a c i t y changes and the a d d i t i o n or d e l e t i o n o f 
s w i t c h i n g c e n t e r s . The m u l t i t e r m i n a l a n a l y s i s must be 
redone when changes take p l a c e because , as i s shown i n 
Appendix B, any change which i s such tha t i t encounters a 
c r i t i c a l v a l u e of the a f f e c t e d l i n k or l i n k s w i l l change 
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the t ermina l c a p a c i t y of a l l node p a i r s f o r which t h a t 
l i n k or l i n k s a r e i n the minimal cut s e t . 
The assessment t h a t , i n g e n e r a l , the c a l l d i s t r i ­
b u t i o n problem must be complete ly r e s o l v e d when l i n k 
c a p a c i t y or node a d d i t i o n s take p l a c e or when l i n k c a p a c i t y 
decreases occur ( n o t i n g tha t a node d e l e t i o n can be con­
s i d e r e d as the r e d u c t i o n to zero o f the c a p a c i t y o f a l l 
i n c i d e n t l i n k s ) i s somewhat d i s a p p o i n t i n g . A l e s s - i n v o l v e d 
s o l u t i o n was a n t i c i p a t e d but has not ye t been found. 
Es t imat ion Of Requirements Changes 
As d r a s t i c events take p l a c e the t r a f f i c eng ineer 
needs a r a p i d method f o r e s t imat ing the changing r e q u i ­
rements . The f o l l o w i n g method i s suggested as a s imple 
way of e s t imat ing requirements g iven on ly the o r i g i n a l 
requirements s e t and knowing the na ture of the e v e n t s . 
The requirements matr ix R^ = [ r i j ] * S d e f * n e d a s D e : f o r e 
but the matr ix i s s u b s c r i p t e d w i th k s 0 , 1 , 2 , . . . merely to 
denote the sequence i n which the matr i ces a r e generated 
as the s i t u a t i o n changes . 
L e t M = [ m i j ] D e a ^ x m manipu la t ion matr ix 
where m i s the number o f nodes i n the network p r i o r to 
the event and q i s the number o f nodes i n the network 
a f t e r the event . I f m»q and no r e d i s t r i b u t i o n o f t r a f f i c 
occurs as a r e s u l t o f the event , M*I ( t h e i d e n t i t y m a t r i x ) . 
I f a change o f requirements occurs a t s . , m., o f I i s 
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changed to r e f l e c t the f r a c t i o n o f the p r e s e n t t r a f f i c 
which w i l l be r e q u i r e d a f t e r the r e c o n f i g u r a t i o n ! the 
m ^ ' s are changed to r e f l e c t the p o r t i o n o f the r e q u i r e ­
ments a t s^ which w i l l be t r a n s f e r r e d to 8^ a f t e r the 
r e c o n f i g u r a t i o n . A f t e r each s^, i « l , . . . , m , has been 
so t r e a t e d , a l l rows and columns which have no p o s i t i v e 
e n t r i e s a r e d e l e t e d . The r e s u l t a n t q x m m a t r i x i s c a l l e d 
the manipula t ion m a t r i x . 
Further d i s c u s s i o n i n the next s e c t i o n proves tha t 
the requirements a f t e r some eventcan be est imated by 
the formulat 
R K + 1 = M R K M * 
A s e r i e s of examples i s now used to demonstrate the method. 
Le t R Q be the requirements matr ix f o r some f o u r -
node network. 
S L S 2 S 3 — 
S L 0 3 3 2 
S 2 3 
0 3 2 
S 3 
3 3 0 3 
2 2 3 0 
D e s t r u c t i o n of s 2 and a l l s erved u n i t s w i l l e l i m i n a t e 
a l l requirements to and from s 2 which amounts to 
e l i m i n a t i n g the second row and the second column of R Q . 
To show how the same r e s u l t i s ob ta ined us ing the formula 
to generate R- we f i r s t c o n s t r u c t a manipu la t ion m a t r i x . 
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M » a. 
s l S 2 8 3 % 
1 0 0 6 
0 0 1 0 
0 0 0 l 
Then R. M R Q M* t 
1 0 0 0 
0 0 1 0 
0 0 0 1 
0 3 3 2 
3 0 3 2 
3 3 0 3 
2 2 3 0 
1 0 0 
0 0 0 
0 1 0 
0 0 1 
8 1 S 3 *± 
s l 0 3 2 
S 3 
3 0 3 
2 3 0_ 
Supppose that i n s t e a d o f complete ly d e s t r o y i n g a l l served 
u n i t s a t s 2 , h a l f o f them s u r v i v e and rehome on s^ f o r 
s e r v i c e . Them 
M = s 
3 
* 1 8 2 S 3 
1 0 0 0 
0 0 1 0 
p * 0 1. 
Nowt 
8 1 8 3 \ 
"0 3 3 F 
= M R Q M l - S3 3 0 *• 
% 3 I *• 0 
R«  
A requirement f o r a f r a c t i o n o f a c a l l i s not mean ingfu l , 
and the t r a f f i c engineer w i l l a d j u s t such requirements 
upward or downward based on h i s knowledge of the s i t u a t i o n , 
p r i o r exper ience and, p o s s i b l y , i n t u i t i o n . The requirements 
shown in R^ above might be a d j u s t e d to the f o l l o w i n g i 
5 3 
0 3 4 
3 0 5 
4 5 0 
Suppose now that a new s w i t c h i n g center s^ i s be ing made 
a v a i l a b l e and 2 / 3 o f the u n i t s now b e i n g served by s^ w i l l 
be moved to s^ w i th the o ther 1 / 3 remaining a t s^. Them 
M 
s 
s l 8 3 8 4 
1 0 0 
0 1 / 3 0 
0 0 l 
0 2 / 3 0_ 





3l sj s 4 s ^ 
0 1 4 2 
1 0 5 / 3 2 / 3 
4 5 / 3 0 1 0 / 3 
2 2 / 3 1 0 / 3 0 
O r , to the n e x t - h i g h e r i n t e g e r v a l u e 1 
0 1 4 2 
R 2 = 
1 0 2 1 
4 2 0 4 
1,2 1 4 0 , 
Suppose now t h a t s^ i s s e r v i n g three u n i t s and tha t i s 
s e r v i n g two u n i t s . One u n i t from s^ i s b e i n g d i spatched to 
Sy I f the u n i t b e i n g d i spatched can be cons idered as 
t a k i n g i t s requirements r ^ w i th i t , we can form the 
manipula t ion m a t r i x shown a t the top o f the f o l l o w i n g 
p a g e . 
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M * 
1 0 0 0 
o i o o 
0 0 1 0 
IP i 0 1. 
This w i l l g i v e the new requirements matr ixt 
0 1 4 3 
1 0 1 1 
4 1 0 5 
3 1 5 0 
I f the u n i t b e i n g d i spatched can be cons idered as assuming 
requirements e q u i v a l e n t to those o f the u n i t s p r e s e n t l y 
a t we havei 
M * 
1 0 0 0 
o i o o 
0 0 1 0 
0 0 0 4 / 3 
To the n e x t - h i g h e r i n t e g e r v a l u e s , the new requirements 
matr ix f o r t h i s v a r i a t i o n i s i 
M R 2 M 
0 1 4 3 
1 0 1 1 
4 1 0 6 
3 1 6 0 
Not ice t h a t the two R^ matr ices d i f f e r only i n r ^ even 
though the requirements were s h i f t e d a c c o r d i n g to d i f f e r ­
ent assumptions . Depending on the assumptions and the 
R^ m a t r i x v a l u e s , the matr ix v a l u e s may d i f f e r 
g r e a t l y , be very much the same, or f a l l somewhere between 
the two extremes . 
I f the a c t u a l requirements generated by the 
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movement of u n i t s or the occurrence o f untoward events 
a r e known w i t h c e r t a i n t y , the requirements matr ices should 
be a d j u s t e d a c c o r d i n g l y . The method demonstrated here i s 
an approx imat ion , a l b e i t a r e a s o n a b l e one, and i t i n v o l v e s 
a very s imple matr ix m u l t i p l i c a t i o n . Appendix C shows a 
program w r i t t e n i n BASIC computer language and o p e r a t i n g 
i n an i n t e r a c t i v e mode. This program w i l l s o l v e the new 
requirements matr ices by i n t e r r o g a t i n g the computer 
terminal and having the o p e r a t o r input the r e q u i r e d i n f o r ­
mation as to network s i z e and p r e s e n t r e q u i r e m e n t s . A l s o 
inc luded i n Appendix C i s the computer-generated s o l u t i o n 
to the l a s t problem used as an example i n t h i s s e c t i o n . 
P r o o f of M a t r i x R e v i s i o n Technique 
Statement of the Formula 
C a l l s a r e de f ined between nodes s^ and s^ only 
f o r i < j r e g a r d l e s s o f which node i n i t i a t e s the c a l l . 
L e t R f c * [ r i j ] ^ e a s y r o m e ' f c r * c n x n requirements 
matr ix f o r the p r e s e n t network having n nodes where 
r . . a r e the requirements between s. and s . f o r i » l , » . .n->l t 
j * 2 , , . . , n t r A i « Oi and r ^ « r ^ . (Note t h a t the t o t a l 
requirements between s^ and s,. a r e r ^ * r ^ and not the 
sum o f r ^ and r ^ . The p o r t i o n o f the matr ix below the 
main d i a g o n a l i s cons tructed only to f a c i l i t a t e the 
c a l c u l a t i o n s whioh f o l l o w . ) 
L e t M » m̂̂jl be a q x n manipula t ion m a t r i x where 
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q i s the number o f p o s t - r e c o n f i g u r a t i o n nodes and n i s the 
number of p r e - r e c o n f i g u r a t i o n nodesi m ^ i s the f r a c t i o n 
o f the p r e - r e c o n f i g u r a t i o n requirements g e n e r a t o r s a t s . 
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which w i l l be t r a n s f e r r e d to s^ as p o s t - r e c o n f i g u r a t i o n 
requirements g e n e r a t o r s . I t i s once a g a i n e x p l a i n e d t h a t 
i n d i v i d u a l u s e r - t o - u s e r requirements are c o n s o l i d a t e d to 
form the node- to-node requirements m a t r i c e s . I t w i l l be 
assumed t h a t t r a n s f e r r i n g a f r a c t i o n o f the requirements 
g e n e r a t o r s w i l l a l s o t r a n s f e r the same f r a c t i o n o f the 
requ irements . The r e v i s e d requirements w i l l then be the 
expected v a l u e s of the t r a n s f e r r e d requirements i f no 
in format ion about s p e c i f i c g e n e r a t o r s i s known. 
Us ing the matr i ces de f ined above and a c c e p t i n g the 
assumption about the t r a n s f e r of requirements g e n e r a t o r s , 
the formula 
Vi - M R k M * 
w i l l p r o v i d e a r e a s o n a b l e est imate o f p o s t - r e c o n f i g u r a t i o n 
requirements • 
P r o o f of Formula 
The formula i s proven by l o g i c a l l y e x p l a i n i n g the 
t r a n s f e r o f requirements g e n e r a t o r s and then showing t h a t 
the same answer can be obta ined by m u l t i p l y i n g m a t r i c e s i 
i n f a c t , the e n t i r e r e v i s e d requirements s e t i s generated 
i n the p r o c e s s . 
The requirements between any node p a i r a f t e r 
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r e c o n f i g u r a t i o n a r e funct ions o f the p r e - r e c o n f i g u r a t i o n 
requirements and the r e d i s t r i b u t i o n o f the requirements 
g e n e r a t o r s . Let t 
r . . a p o s t - r e c o n f i g u r a t i o n requirements between 
•* s^ and B y 
r . . * p r e - r e c o n f i g u r a t i o n requirements between 
J s^ and B y 
m^j « f r a c t i o n of s^ requirements g e n e r a t o r s 
t r a n s f e r r e d to s^ (which , by assumption, i s 
a l s o the f r a c t i o n o f requirements t r a n s f e r r e d ) . 
Them 
m i b m j a * f1**0**011 o f r a D which w i l l be r e q u i r e d 
between s^ and s^ due to the t r a n s f e r o f 
g e n e r a t o r s from s^ to s^ and the t r a n s f e r 
o f g e n e r a t o r s from s a to s^. 
S i m i l a r l y i 
Thust 
m i a m j b * f r a c t i o n o f r f t t ) which w i l l be r e q u i r e d 
between and s^ due to the t r a n s f e r o f 
g e n e r a t o r s from s f t to s^ and the t r a n s f e r 
o f g e n e r a t o r s from s^ to s^. 
m. , m . + m. ra.. * f r a c t i o n o f r , which w i l l be l b j a i a j b ab 
r e q u i r e d between s^ and s^ due 
to a l l trani 
to s. and s 
s f e r s from s a and s, 
a d 
r 
Hencei r a D ( m i ^ m j a • m i a m j b ^ * s t l i e P ° s , t ~ r e c o n f ^ 6 u r a t i o n 
requirement between s. and s . a t t r i b u t a b l e on ly to the 
p r e - r e c o n f i g u r a t i o n requirements between s & and and the 
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subsequent t r a n s f e r o f some f r a c t i o n o f those g e n e r a t o r s 
to s^ and &y The p o s t - r e c o n f i g u r a t i o n requirements 
a t t r i b u t a b l e to the p r e - r e c o n f i g u r a t i o n requirements of 
every node p a i r i n the network and the subsequent t r a n s f e r 
o f requirements g e n e r a t o r s can be s i m i l a r l y c a l c u l a t e d . 
The t o t a l p o s t - r e c o n f i g u r a t i o n requirement r ^ i s i 
n-1 n 
r i j " 2 1 5 1 r a b ( m i b m j a * " i a a i b ) 
a « l b»2 
V a , b ; ) a < b t i = l n - l | j « 2 , . . . . m i < j . 
I t i s now shown t h a t the e n t r i e s of R k + 1 can be 
obta ined s imul taneous ly by a m a t r i x m u l t i p l i c a t i o n 
t echn ique . Prom the d e f i n i t i o n o f the requirements m a t r i x 
we see tha t i t can be d i s p l a y e d i n expanded form ast 
0 r 1 2 r 1 3 . . . r l n 
r 1 2 0 r 2n 
r 1 3 r 23 r 3n 
r l . n - l r 2 f n - l 
r n -
r l n r 2n r n - l , n 0 
From the d e f i n i t i o n o f the manipu la t ion matr ix we see t h a t 
i t can be d i s p l a y e d i n expanded form ast 
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to 
m l l m 12 m 13 
m 2 1 m 2 2 m2J 




Note than M i s not n e c e s s a r i l y a square m a t r i x . I f there i s 
a net l o s s o f nodes , q < n t c o n v e r s e l y , i f there i s a net 
g a i n of nodes , q > n . M can be formed f i r s t as a square 
matr ix and r e f i n e d by d e l e t i n g rows or columns which have 
no p o s i t i v e e n t r i e s . 
We now form a q x q matr ix a c c o r d i n g to the formula . 
V i a M R k M 
m n m 1 2 . . . m l n 
m 2 1 m 2 2 . . . m 2 n 
m q l m q 2 . . . m q n 
0 r 1 2 . . . r l n 
r 1 2 0 r2n 




11 . . . m q l 
12 . . . m q 2 
I n « • « m qn 
The m a t r i x m u l t i p l i c a t i o n s r e q u i r e d to c a l c u l a t e a s i n g l e 
element of R ^ + 1 a r e now demonstrated. 
MR m i l m i 2 m i . n - l m i n 
12 l . n - 1 ' 'In 
12 
I n 
0 ' • • r 2 . n - l r2n 
r * ^ . . . r ^ 0 2n n , n - l 
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This genera te s as a g e n e r a l row o f the matr ix MR v i 
n 
Z r„ m. l a i a 
a*l 
Now m u l t i p l y i n g t h i s g e n e r a l row by a g e n e r a l column 
o f the matr ix we havei 
[»*] 
This g i v e s the g e n e r a l elementi 
n n n 
7 i j = £ r l a m i a m ; | l + £
 r2amiamj2 + • • • + £ r na m ia m 3 n 
a = l a « l a = l 
n n 
b = l b = l 
Now the elements r ^ on the main d i a g o n a l a r e known to be 
zero f o r t h i s f o r m u l a t i o n ! see the f o l l o w i n g s e c t i o n f o r 
an i n t e r p r e t a t i o n and e x t e n s i o n . We a l s o know that the 
p o r t i o n o f the matr ix below the d i a g o n a l was c r e a t e d as an 









a r t i f i c e to render the c a l c u l a t i o n s e a s i e r . We a r e 
i n t e r e s t e d , t h e r e f o r e , only i n the new n o d e - p a i r r e q u i r e ­
ments where i < j and o l d n o d e - p a i r requirements where a < b | 
t h i s i s made p o s s i b l e by d e f i n i n g a l l c a l l s as b e i n g from 
s i to 8^ w i th i < j . 
Looking once a g a i n a t the g e n e r a l element 
n_ n 
) )L r a b i n i a m 3 b 
a = l b = l 
and a p p l y i n g the noted r e s t r i c t i o n s on the d i r e c t i o n s o f 
c a l l f lows where i j and a b , we have , 
n n 
7 i j * Y. Z r a b ( m i a m j b + m i b m i a } 
a « l b * a + l 
f o r i « l , , , . , n - l t j m 2 , , , , , n i i < j . 
This i s p r e c i s e l y the same r e s u l t ob ta ined e a r l i e r by 
l o g i c a l l y g e n e r a t i n g a g e n e r a l p o s t - r e c o n f i g u r a t i o n 
requ irement . Hence, the matr ix formula R k + 1 « M M* has 
been proved to be a method of c a l c u l a t i n g a l l p o s t -
r e c o n f i g u r a t i o n requirements s i m u l t a n e o u s l y . QED. 
Extens ion 
Non-zero e n t r i e s on the main d i a g o n a l o f R^+i can be 
i n t e r p r e t e d as a measure of the added s w i t c h i n g c a p a c i t y 
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r e q u i r e d a t a f t e r r e c o n f i g u r a t i o n due to g e n e r a t o r s 
from both nodes o f a n o d e - p a i r b e i n g t r a n s f e r r e d to the 
same node. For normal trunking problems the non-zero main 
d i a g o n a l e n t r i e s can be changed to r ^ * o f o r every 
swi tch ing center s. which i s in the r e c o n f i g u r e d network. 
I f the i n t r a - n o d e requirements a r e i n s e r t e d on the 
main d i a g o n a l o f R .̂ i n p l a c e o f r ^ « o, the main d i a g o n a l 
of R^+j, w i l l r e f l e c t the t o t a l p o s t - r e c o n f i g u r a t i o n 
i n t r a - n o d e requirements f o r each node s^. Them 
r a b ( m i a m j b ) 
ni j » 1 , . . . , n i i ^ j . 
This f ormula t ion w i l l g i v e the i n t e r - n o d e and i n t r a - n o d e 
requirements f o r every node i n the networki t h i s ex tens ion 
cou ld be used when there i s concern about the c a p a b i l i t y 
o f the swi tch ing centers to handle the t o t a l l o a d o f f e r r e d 
a f t e r a r e c o n f i g u r a t i o n . 
n n 
a « l b==£ 
f o r i » 1 , 
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CHAPTER V 
A PROCEDURE FOR DEVELOPING OVERLOAD CONTROL PLAN INPUTS 
The purpose of t h i s chapter i s to d e s c r i b e a 
procedure f o r us ing network t h e o r e t i c techniques to s o l v e 
common user maxflow communication problems; the eventua l 
output o f the procedure i s an o v e r l o a d c o n t r o l p l a n f o r 
each i d e n t i f i e d network. Mention i s a l s o made o f network 
and graph t h e o r e t i c techniques which can be a p p l i e d to 
answer other ques t ions concerning the c o n n e c t i v i t y and 
c a p a c i t y of ne tworks . 
I n Appendix D a s h o r t demonstrat ion i s presented by 
a p p l y i n g the procedure to a smal l segment o f a h y p o t h e t i c a l 
network support ing a p l a u s i b l e s c e n a r i o . I t i s emphasized 
that the many sub-networks cannot be i n d i v i d u a l l y engineered 
wi thout account ing f o r i n t e r - n e t requirements and c a p a c i t i e s . 
The procedure i s presented as a b r i e f d e s c r i p t i o n 
of the events , a c t i o n s , and in format ion f lows dep ic t ed i n 
F i g u r e 9. The procedure w i l l prov ide input to the 
o v e r l o a d c o n t r o l p lan f o r each sub-networkt t h i s c o n t r o l 
p l a n should be o f a s s i s t a n c e i n p r e v e n t i n g s e r i o u s d e g r a ­
dat ion of s e r v i c e and the eventua l c o l l a p s e o f the network 
due to o v e r l o a d . 
Communication system c o n f i g u r a t i o n changes are not 
developed because the i n t e n t i o n i s to make the b e s t common 
Theater -wide 
Events 
i L e v e l 1 Events 
R e v i s e 
Requirements (5 ) 





U n s a t i s f i e d 




V w I n t e r f a c e Network 
C a p a c i t y Capac i ty 
• < * ) ( 3 ) 
I n t r a - n e t 
Requirements 




Prob lem(8 ) 
Unsa t i s f i ed ] 
I n t e r - n e t 
Reqs 
(12) 
u n s a t i s f i e d ] 
I n t r a - n e t 
Reqs 
( 1 1 ) 
Network 
C o n t r o l 
P l a n 
(9) 
( U n s a t i s f i e d 
I n t e r - n e t 
Reqs 
( 1 0 ) 
e v e l 3 
Events T 
I n t e r - •net 
Reqs to •Teartff** • 
Lower Net 
U n s a t i s f i e d 
I n t e r - n e t 
Reqs 
F i g u r e 9 . C a l l D i s t r i b u t i o n Procedure 
O N 
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user u t i l i z a t i o n of c i r c u i t s which are not r e q u i r e d f o r 
other p u r p o s e s . However, Chapter VI hypothes izes an 
extens ion of t h i s procedure which might determine opt imal 
system c o n f i g u r a t i o n s . 
D i s t r i b u t i o n Of C a l l i n g Load 
This s e c t i o n i s but the b r i e f e s t p o s s i b l e d e s c r i p ­
t i o n o f the proposed p r o c e d u r e . I f such a procedure i s ever 
executed, v e r y d e t a i l e d p l a n s would be r e q u i r e d . The 
procedure i s dep ic ted i n F i g u r e 9 . L e v e l 1 i s s imply the 
l o w e s t o r d e r network ( i . e . , a network which has no i n t e r ­
f a c e wi th a subord ina te n e t w o r k ) . L e v e l 2 i s a network 
which i s i n t e r f a c e d w i t h b o t h h i g h e r - and l o w e r - o r d e r 
networksi there might be succes s ive L e v e l 2 ne tworks . 
L e v e l 3 would be a network which i s i n t e r f a c e d wi th no 
networks of h igher o r d e r . Since L e v e l 2 conta ins both 
p o s s i b l e i n t e r f a c e s , the d e s c r i p t i o n o f the p r o c e d u r a l 
s teps i s keyed to the numbered b l o c k s of L e v e l 2 i n 
F i g u r e 9« The numbers do not imply t h a t the s t eps a r e 
accomplished in numerica l o r d e r . 
1 - E v e n t s i An event may have t h e a t e r - w i d e e f f e c t s 
or impact on ly on the sub-network i n q u e s t i o n . Any occur.* 
rence which changes network c a p a c i t i e s or user r e q u i r e ­
ments must be cons idered to have an e f f e c t on the d i s t r i ­
b u t i o n of common user c a l l s i n the network. Events i n c l u d e 
b u t a r e not l i m i t e d to i c i r c u i t f a i l u r e s , l i n k f a i l u r e s , 
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node f a i l u r e s , node d e s t r u c t i o n s , u n i t d e s t r u c t i o n s , 
t a c t i c a l redeployments , system o v e r b u i l d s , changes i n 
s o l e user requ irements , and mis s ion changes , 
2-Revise C a p a c i t i e s . As events occur the network 
c a p a c i t y matr ix must be r e v i s e d c o n t i n u a l l y , 
3-Network C a p a c i t y ! This r e f e r s to the common 
user c a p a c i t y on l i n k s connect ing the nodes of the network. 
4 - I n t e r f a c e Capaci tyt This r e f e r s to common user 
c a p a c i t i e s on l i n k s connect ing nodes o f two d i f f e r e n t 
ne tworks . 
5-Revise Requirementsi . I n t r a - n e t and i n t e r - n e t 
requirements must be i d e n t i f i e d s e p a r a t e l y , then 
combined f o r s o l v i n g the maxflow problem, and then must 
be r e s e p a r a t e d f o r a n a l y s i s . 
6 - I n t e r - n e t Requirements to Lower Neti These a r e 
determined by the h i g h e r - o r d e r network, r e v i s e d as 
n e c e s s a r y , and communicated to the l o w e r - o r d e r network . 
I n no case should the requirement to the low —order 
network exceed the known c a p a c i t y o f the i n t e r f a c e . 
7 - I n t r a - n e t Requirementsi These a r e requirements 
between node p a i r s o f the network i n q u e s t i o n . 
The t o t a l requirements matr ix i s the sum of the 
i n t r a - n e t requirements matr ix and the i n t e r - n e t r e q u i r e ­
ments m a t r i c e s i there i s an i n t e r - n e t requirements matr ix 
f o r each l o w e r - o r d e r and h i g h e r - o r d e r network w i t h which 
the network i n ques t ion i s b e i n g i n t e r f a c e d . A method o f 
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es t imat ing r e v i s e d requirements matr ices was presented 
in Chapter I V , 
8 -So lve Maxflow Problemt The maxflow problem i s 
so lved by whatever methods a r e a v a i l a b l e and s u i t a b l e . I f 
the opt imal s o l u t i o n cannot be c a l c u l a t e d , the h e u r i s t i c 
f l ow procedure can be used to genera te a p r o b a b l y - s u b o p -
t imal s o l u t i o n . 
9 -Ne twork C o n t r o l P lant A l i s t i n g o f s a t i s f i a b l e 
and u n s a t i s f i a b l e requirements w i l l enab le the c o n t r o l l e r 
to deve lop an o v e r l o a d c o n t r o l p l a n . 
1 0 - U n s a t i s f l e d I n t e r - n e t Requirementst The 
u n s a t i s f i e d requirements generated from the h i g h e r - o r d e r 
networks a r e transmit ted back to that l e v e l f o r r e a s s e s s ­
ment of t h e i r i n t e r - n e t requirements and change o f t h e i r 
i n t e r - n e t requirements m a t r i c e s . 
1 1 - U n s a t i s f i e d I n t r a - n e t Requirementsi The 
u n s a t i s f i e d requirements generated by i n t r a - n e t u s e r s a r e 
used to r e a s s e s s the i n t r a - n e t requirements and change the 
i n t r a - n e t requirements m a t r i x . 
1 2 - U n s a t i 8 f i e d I n t e r - n e t Requirementsi The i n t e r ­
n e t requirements which cannot be s a t i s f i e d i n one or both 
networks a r e used to r e a s s e s s the i n t e r - n e t requirements 
and change the i n t e r - n e t requirements m a t r i c e s . 
I t may be neces sary to genera te the i n t e r - n e t 
requirements and the s e v e r a l i n t e r - n e t requirements matr i ce s 
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i t e r a t i v e l y b e f o r e an a c c e p t a b l e maxflow s o l u t i o n i s found 
f o r both h i g h e r - and l o w e r - o r d e r networks . The problem can 
be f u r t h e r compl icated i f there a r e m u l t i p l e i n t e r f a c e s 
between a p a i r of ne tworks . Although compl i ca ted , m u l t i p l e 
i n t e r f a c e problems could be so lved t however, no such 
s o l u t i o n s a r e presented h e r e . 
Other A p p l i c a b l e Techniques 
Rout ing techniques were d i s cussed i n Chapter I I I . 
I f n e c e s s a r y , such techniques cou ld be used to determine 
the maximal or minimal c a p a c i t y r o u t e between two nodes , 
the f ewes t or g r e a t e s t number o f l i n k s between two nodes , 
a l l p o s s i b l e r o u t e s between two nodes , the ri®1 s h o r t e s t 
route between two nodes , e t c . . 
The m u l t i t e r m i n a l f l ow techniques d i s c u s s e d i n 
Chapter I I I and Appendix B w i l l p r o v i d e in format ion about 
maximum c a l l i n g c a p a c i t y between a l l p a i r s of nodes when, 
f o r a g i v e n p a i r , a l l o ther nodes are used only f o r 
in termediary p u r p o s e s . The m u l t i t e r m i n a l a n a l y s i s problem 
can be so lved when i t i s neces sary f o r the common user 
network to r e v e r t to commond and c o n t r o l u t i l i z a t i o n . 
The s l a c k v a r i a b l e v a l u e s i n the f i n a l t a b l e a u 
o f a maxflow l i n e a r programming s o l u t i o n can be used to 
determine the "strong** and "weak" l i n k s of the network . 
Such in format ion could impact on system o v e r b u i l d s and 
t roop d i s p o s i t i o n d e c i s i o n s . The d u a l v a r i a b l e s , which 
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measure the r a t e of change of the maxflow wi th r e s p e c t to 
u n i t changes in the r i g h t - h a n d - s i d e of the c o n s t r a i n t s , can 
a l s o be used to a s s i s t i n determining where system o v e r ­
b u i l d s can b e s t be used . 
I n t u i t i v e Assessments 
Requirements can be generated e i t h e r by s u b j e c t i v e 
means or by measuring a c t u a l attempts to use the system. 
R e g a r d l e s s o f what methods a r e used , the i n t u i t i o n o f 
t r a f f i c e n g i n e e r s , commanders, and user s must a l s o be 
cons idered when determining which requirement s e t w i l l be 
s a t i s f i e d . Some aspects o f communication s e r v i c e cannot be 
q u a n t i f i e d , so even d e t a i l e d procedures must p r o v i d e 
l a t i t u d e to account f o r the execut ion of d e c i s i o n s which 
a r e not based s o l e l y on the r e s u l t s prov ided by a 
mathematical model of the network. 
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CHAPTER VI 
EXTENSION OF PROCEDURE TO DETERMINE 
OPTIMAL SYSTEM CONFIGURATIONS 
I n Chapter I the problems of d e r i v i n g a common user 
network from the r e s i d u a l a s s e t s o f a communication system 
were d i s c u s s e d . The c o n f i g u r a t i o n o f the common user network 
i s determined by the system c o n f i g u r a t i o n and the r e q u i r e ­
ments f o r s o l e user and s p e c i a l s e r v i c e s . The common user 
network c o n f i g u r a t i o n i s not l i k e l y to be o p t i m a l , and the 
" r e c o n f i g u r a t i o n " procedure which has been developed h e r e i n 
i s , more c o r r e c t l y , on ly a " r e d i s t r i b u t i o n " procedure which 
w i l l prevent o v e r l o a d s and the c o l l a p s e of networks d u r i n g 
c r i s i s p e r i o d s . 
Optimal C o n f i g u r a t i o n s 
The b a s i c communication system c o n f i g u r a t i o n s 
from which a l l s o l e u s e r , s p e c i a l , and common user c i r c u i t s 
are d e r i v e d may be f a r from o p t i m a l . The common user 
d i s t r i b u t i o n procedure deve loped i n t h i s t h e s i s might be 
used as the b a s i s f o r d e v e l o p i n g opt imal communication 
system c o n f i g u r a t i o n s which would , i n t u r n , improve the 
common user network c o n f i g u r a t i o n s and a l l o w f o r d i s t r i ­
b u t i n g more c a l l s i n tha t network. This s e c t i o n b r i e f l y 
hypothes izes how the procedure could be extended to 
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prov ide system c o n f i g u r a t i o n recommendations. 
Suppose a network or a sub-network of a l a r g e r 
e n t i t y i s c o n f i g u r e d as f o l l o w s i 
There i s no assurance that t h i s c o n f i g u r a t i o n i s , i n any 
sense , o p t i m a l . There a r e twelve o ther f o u r - n o d e , f o u r - l i n k 
c o n f i g u r a t i o n s , any one o f which might be " b e t t e r " . 
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A l s o , a s i n g l e i n t e r f a c e w i th another network could be a t 
any one o f the f o u r nodes making a t o t a l o f 5 2 p o s s i b l e 
i n t e r f a c e d network c o n f i g u r a t i o n s . 
I f a l l t a c t i c a l and p r a c t i c a l c o n s i d e r a t i o n s were 
s e t a s i d e and the l i n k s could be e s t a b l i s h e d i n any 
c o n f i g u r a t i o n , the b e s t o f the 5 2 c o n f i g u r a t i o n s cou ld 
be determined i n the f o l l o w i n g manneri 
1 , E s t a b l i s h a network model f o r which each 
c o n f i g u r a t i o n to be t e s t ed w i l l be a sub-network , 
2 , S e l e c t a s p e c i f i c sub-network configuration 
( i . e . , one of the 5 2 p o s s i b l e ) f o r the model , 
3 , O p t i m a l l y a l l o c a t e c i r c u i t s to s a t i s f y a l l 
i n t e r - n e t and i n t r a - n e t s o l e user and s p e c i a l s e r v i c e 
requ irements . 
4 , D i s t r i b u t e common user requirements among the 
r e s i d u a l a s s e t s remaining a f t e r Step J\ a number o f 
randomly-generated ( b u t p l a u s i b l e ) s e t s o f common user 
requirements can be used i n t h i s s tep wi th each requirements 
s e t p r o v i d i n g , p r o b a b l y , a d i f f e r e n t maxf low. 
5 , Detemine the "e f f ec t i venes s" of the sub-network 
c o n f i g u r a t i o n b e i n g t e s t e d . (See the f o l l o w i n g s e c t i o n , ) 
6 , Return to Step 2 u n t i l the e f f e c t i v e n e s s o f 
a l l p o t e n t i a l c o n f i g u r a t i o n s has been determined, 
7 , Compare the e f f e c t i v e n e s s measures o f a l l 
t e s t e d c o n f i g u r a t i o n s and adopt t h a t c o n f i g u r a t i o n which 
b e s t meets some s p e c i f i e d common user c r i t e r i a . 
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Measures Of E f f e c t i v e n e s s 
Some common user e f f e c t i v n e s s measure or measures 
must be agreed on p r i o r to implementing a r e d i s t r i b u t i o n 
p r o c e d u r e . I t may be that m u l t i p l e c r i t e r i a a r e needed to 
make e f f e c t i v e use of the procedure and a c c u r a t e l y r e f l e c t 
the needs of the u s e r s . P o t e n t i a l measures of e f f e c t i v e n e s s 
and methods f o r s e l e c t i n g c r i t e r i a a r e b r i e f l y d i s cus sed 
in t h i s s e c t i o n . 
The o b j e c t i v e func t ion f o r the maxflow f o r m u l a t i o n 
used i n t h i s t h e s i s has beent 
This s imply maximizes the number o f requirements which a r e 
s a t i s f i e d by the c a l l d i s t r i b u t i o n . Ka laba and Juncosa(64) 
a l s o propose as an o b j e c t i v e func t ion 
where Q i s termed an " e f f i c i e n c y index". When e i t h e r i s 
used as the o b j e c t i v e f u n c t i o n of a l i n e a r programming 
f o r m u l a t i o n there are l i k e l y to be a l t e r n a t e optimum 
s o l u t i o n s , i n which case i t may be p o s s i b l e to use some 
secondary e f f e c t i v e n e s s measure f o r s e l e c t i o n of the b e s t 
a l t e r n a t i v e • 
1 . Maximize excess c a p a c i t y a f t e r d i s t r i b u t i n g a 
maxflow s e t o f r e q u i r e m e n t s . 
MAX 
MAX 9 
Secondary c r i t e r i a which might be cons idered a r e , 
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2 . S e l e c t the maxflow requirements s e t and r o u t i n g s 
which p r o v i d e e i t h e r the f ewes t r o u t e s ( f o r s i m p l i c i t y and 
c o n t r o l l a b i l i t y ) or the most r o u t e s ( f o r s u r v i v a b i l i t y and 
f l e x i b i l i t y ) . 
3 . Maximize i n t e r - n e t s a t i s f a c t i o n to the 
detr iment o f i n t r a - n e t s a t i s f a c t i o n . 
4 . Maximize i n t r a - n e t s a t i s f a c t i o n to the 
detr iment o f i n t e r - n e t s a t i s f a c t i o n . 
5- D i s t r i b u t e a s s e t s p r o p o r t i o n a t e l y among 
competing requirements on capacitated l i n k s . 
I t i s , o f c o u r s e , p o s s i b l e that o ther c r i t e r i a could be 
cons idered a p p r o p r i a t e , and i t i s a l s o p o s s i b l e tha t some 
combination o f c r i t e r i a might be used to s e l e c t the 
eventua l c a l l d i s t r i b u t i o n . 
The f i r s t problem i s to s e l e c t the c r i t e r i a to be 
c o n s i d e r e d . This can be done only by determining the 
d e s i r e s and needs o f the commanders f o r whom the network 
w i l l be p r o v i d i n g s e r v i c e . The second problem w i l l be 
w e i g h t i n g the m u l t i p l e c r i t e r i a so tha t the r e s u l t a n t 
c a l l d i s t r i b u t i o n s w i l l a c c u r a t e l y r e f l e c t the commanders• 
p e r c e i v e d needs . Once a g a i n , the in format ion needed to 
determine the w e i g h t i n g s can be g a i n e d only from the 
commanders. 
I t i s not the i n t e n t o f t h i s t h e s i s to deve lop 
s p e c i f i c procedures f o r determining a p p r o p r i a t e c r i t e r i a 
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and we ights f o r each c r i t e r i o n . There i s an ex tens ive 
l i t e r a t u r e d e a l i n g wi th the m u l t i p l e c r i t e r i o n problem. 
For example, Eckenrode(29) compared s i x methods o f 
w e i g h t i n g m u l t i p l e c r i t e r i a and concluded t h a t r a n k i n g , 
p r o b a b l y the e a s i e s t w e i g h t i n g method, i s the most 
e f f i c i e n t . G e o f f r i o n , Dyer , and F e i n b e r g ( 4 2 ) have deve loped 
an i n t e r a c t i v e approach f o r m u l t i - c r i t e r i o n o p t i m i z a t i o n . 
These a r e b u t two papers in the f i e l d i a p p l i c a t i o n of the 
i d e a s contained i n those papers and o thers to the s p e c i f i c 
problems of common user communications might be an 
a p p r o p r i a t e a r e a f o r f u r t h e r r e s e a r c h . 
The procedure o f Chapter V could be modi f i ed to 
t e s t the s e l e c t e d c r i t e r i a and w e i g h t i n g s . By making 
m u l t i p l e runs on a s p e c i f i c network c o n f i g u r a t i o n w i th 
f i x e d requirements and c a p a c i t y s e t s w h i l e v a r y i n g the 
c r i t e r i a and w e i g h t i n g s i t might be p o s s i b l e to determine 
which c r i t e r i a combination does indeed r e f l e c t the d e s i r e s 
o f the commander. Once a g a i n , i t w i l l be the commander 
who e v e n t u a l l y determines whether or not the c a l l 
d i s t r i b u t i o n and h i s p e r c e p t i o n s a r e i n a c c o r d . 
I n summary, the r e d i s t r i b u t i o n procedure might 
be e f f e c t i v e l y extended tot 
1 . Determine opt imal system c o n f i g u r a t i o n s g i v e n 
some s e t of c r i t e r i a , or 
2. Determine a s e t o f c r i t e r i a and a p p r o p r i a t e 
w e i g h t i n g s (more s p e c i f i c a l l y , a s s i s t the commander i n 
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s e l e c t i n g the a p p r o p r i a t e c r i t e r i a and h e l p i n g him to 
a s s i g n w e i g h t i n g s ) g i v e n a s p e c i f i c system c o n f i g u r a t i o n . 
By s u c c e s s i v e i t e r a t i o n s o f the procedure between 
the above-mentioned purposes i t might be p o s s i b l e to 
e v e n t u a l l y o b t a i n a common user network which w i l l p r o v i d e 
a maximum amount of s a t i s f a c t i o n d u r i n g c r i s i s p e r i o d s 
when i t i s imposs ib l e to meet a l l p o t e n t i a l r e q u i r e m e n t s . 
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CHAPTER VII 
CONCLUSIONS, LIMITATIONS, AND RECOMMENDATIONS 
The procedure described in Chapter V implements 
the techniques discussed in Chapter III, and it should be 
an effective way of determining common user load distri­
butions for capacitated common user networks. The problem 
of estimating the revised requirements is efficiently 
solved by using a matrix multiplication technique which 
determines all new requirements simultaneuosly. 
Cal distributions for a complete multi-node net­
work can be handled by partitioning the larger entity into 
sub-networks, each of which then has intra-net and inter-net 
requirements competing for capacities within the sub­
networks j the inter-net requirements also compete for 
capacities on the interfaces. The advantage to partitioning 
is that the maxflow calculations for smal networks are 
relatively simple, whereas calculations involving multi-
commodity flows in larger networks quickly become intract­
able as network size and the number of commodites increase. 
One limitation of the procedure is that the means 
for obtaining optimal multicommodity flow solutions may not 
be readily available. In such instances the heuristic 
flow procedure will provide a result which, although 
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s u b - o p t i m a l , may be s u f f i c i e n t f o r subsequent development 
of a l o a d c o n t r o l p l a n . 
Yet another l i m i t a t i o n i s the c o n s i d e r a b l e amount 
of "bookkeeping** which may be r e q u i r e d w h i l e b a l a n c i n g 
the i n t e r - n e t l oad d i s t r i b u t i o n s . S e v e r a l i t e r a t i o n s of 
maxflow c a l c u l a t i o n s and r o u t e d i s t r i b u t i o n s may be 
necessary b e f o r e the accepted c r i t e r i a a r e s a t i s f i e d i n 
i n t e r f a c e d networks i m u l t i p l e i n t e r f a c e s add f u r t h e r 
c o m p l i c a t i o n s . 
The folowing a r e a s a r e recommended as b e i n g 
s u i t a b l e f o r f u r t h e r r e s e a r c h i 
1 . Measures of common user e f f e c t i v e n e s s need to 
be developed and r e f i n e d f o r s i t u a t i o n s when i t i s obv ious 
that commercial c r i t e r i a a r e i n a p p l i c a b l e . 
2 . A n t i c i p a t e d requirements need to be developed 
f o r the many t a c t i c a l s i t u a t i o n s which could a r i s e ! the 
need f o r such a study has a l s o been r e c o g n i z e d by the 
U . S . Army M a t e r i a l Systems A n a l y s i s Agency. 
3 . Assessment o f p r e s e n t d o c t r i n a l c o n f i g u r a t i o n s 
might be done as suggested i n Chapter VI to support 
system des ign changes which could improve common user 
s e r v i c e . 
4 . Further computat ional e f f o r t i s r e q u i r e d to 
measure the comparat ive e f f e c t i v e n e s s of the s e v e r a l 
m u l t i f l o w techniques used i n t a c t i c a l environments . 
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5« There should be a comparison of the e f f i c i e n c y 
of a network c o n t r o l l e d by p r e s e n t methods and a network 
c o n t r o l l e d by a plain developed from the approach used i n 
t h i s t h e s i s . Such a comparison shou ld , i d e a l l y , be done 
under f i e l d c o n d i t i o n s , b u t i t might be s u c c e s s f u l l y 
accomplished wi th a s i m u l a t i o n model . 
C o n t r o l o f common user communications has been 
looked a t from a d i f f e r e n t p e r s p e c t i v e and, w h i l e no 
exces s ive c la ims a r e made f o r the e f f i c a c y o f the proposed 
p r o c e d u r e , i t does seem to be a r e a s o n a b l e way by which to 
approach an i n t e r e s t i n g problem. T h e r e f o r e , w h i l e 
acknowledging the obvious l i m i t a t i o n s o f t h i s work, i t i s 
concluded tha t a network t h e o r e t i c approach to opt imal 





SOME COMPARISONS OP OPTIMAL, ROUTE-RESTRICTED, AND 
ASSIGNMENT-TYPE MULTIPLOW TECHNIQUES 
This appendix ana lyzes the r e s u l t s o f a s e r i e s o f 
maxflow s o l u t i o n s f o r one s p e c i f i c network c o n f i g u r a t i o n 
us ing c a p a c i t i e s and requirements which were randomly 
generated over s p e c i f i c ranges* Only broad g e n e r a l i ­
za t ions can be made from such an a n a l y s i s . 
The network used i s the f u l l y - o o n n e c t e d f o u r 
node c o n f i g u r a t i o n ! 
I n runs l-5t requirements were he ld a t 6 f o r each node 
p a i r i c a p a c i t i e s were randomly generated f o r each l i n k 
accord ing to a uniform d i s t r i b u t i o n on the range from 
4 to 9t I n runs 6 - 1 0 , c a p a c i t i e s were he ld a t 6 f o r each 
l i n k t requirements were randomly generated f o r each node 
p a i r a c c o r d i n g to a uniform d i s t r i b u t i o n on the range from 
3 to 8 . I n runs 1 1 - 1 5 , both c a p a c i t i e s and requirements 
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were randomly generated over the prev ious ly -ment ioned 
r a n g e s . The f i r s t o f the accompanying t a b l e s shows the 
c a p a c i t i e s and requirements f o r each of the r u n s , the 
second t a b l e summarizes the r e s u l t s o f these r u n s . 
I t i s noted that the r o u t e - r e s t r i c t e d s o l u t i o n s 
tend to a l l o w l e s s f low than the h e u r i s t i c s o l u t i o n s and 
that h e u r i s t i c s o l u t i o n s prov ided a l l or n e a r l y a l l o f the 
f l ow prov ided by the opt imal s o l u t i o n f o r the s p e c i f i c 
examples used h e r e , I t can be s a i d t h a t the h e u r i s t i c f low 
procedure prov ided r e a s o n a b l e r e s u l t s f o r these examples , 
no f u r t h e r g e n e r a l i z a t i o n s should be made wi thout 
ana lyses o f an a d d i t i o n a l l a r g e number o f runs on networks 
wi th d i f f e r e n t c o n f i g u r a t i o n s , c a p a c i t i e s , and r e q u i r e m e n t s . 
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T a b l e 1 . C a p a c i t i e s And Requirements Used I n Examples 
Run Link C a p a c i t i e s N o d e - P a i r Requirements 
1 2 1 3 1 4 2 3 24 3 4 1 2 1 3 14 2 3 2 4 34 
1 4 9 4 8 8 6 
2 9 5 8 6 7 6 
3 9 7 6 7 8 7 6 
4 7 7 8 9 7 6 
5 4 8 4 9 8 5 
6 4 7 4 4 6 4 
7 6 8 5 5 4 6 
CO 6 7 7 7 8 6 8 
9 6 8 4 8 6 6 
1 0 6 7 6 4 7 4 
11 5 6 5 5 9 6 8 6 6 6 7 4 
12 4 8 8 9 6 5 7 7 4 4 8 5 
13 4 4 5 7 8 5 7 4 8 8 3 8 
1 4 5 8 7 5 9 5 4 7 8 4 4 3 
15 6 9 6 8 9 4 3 8 5 8 5 7 
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Table 2 . Summary Of Tes t R e s u l t s t Pour-Node Network 
>> Ene
nts Optimal 
S o l u t i o n 
2 - L i n k 
R e s t r i c t e d 
S o l u t i o n 
Hmirds;fei*3 
Algor i thm 
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cd « o o w C/5 ML 
1 3 9 3 6 3 4 9 4 , 4 3 3 9 1 . 7 9 7 . 1 3 4 9 4 . 4 1 0 0 . 0 
2 41 3 6 3 6 1 0 0 . 0 3 5 9 7 . 8 9 7 . 8 3 5 9 7 . 8 9 7 . 8 
3 4 4 3 6 3 6 1 0 0 . 0 3 6 1 0 0 . 0 1 0 0 . 0 3 6 1 0 0 . 0 1 0 0 . 0 
4 4 4 3 6 3 6 1 0 0 . 0 3 6 1 0 0 . 0 1 0 0 . 0 3 6 1 0 0 . 0 1 0 0 . 0 
5 3 8 3 6 3 4 9 4 . 4 3 6 9 4 . 4 1 0 0 . 0 3 3 9 1 . 7 9 7 . 1 
6 3 6 29 29 1 0 0 . 0 2 9 1 0 0 . 0 1 0 0 . 0 2 9 1 0 0 . 0 1 0 0 . 0 
7 3 6 3 * 3 3 9 7 . 1 3 3 9 7 . 1 1 0 0 . 0 3 3 9 7 . 1 1 0 0 . 0 
8 3 6 ^ 3 3 6 8 3 . 7 3 6 8 3 . 7 1 0 0 . 0 3 6 8 3 . 7 1 0 0 . 0 
9 3 6 3 8 3 4 8 9 . 5 3 4 8 9 . 5 1 0 0 . 0 3 4 8 9 . 5 1 0 0 . 0 
1 0 3 6 3 4 3 3 9 7 . 1 3 2 £ 9 5 . 6 9 8 . 5 3 3 9 7 . 1 1 0 0 . 0 
1 1 3 6 3 7 3 3 8 9 . 2 3 3 8 9 . 2 1 0 0 . 0 3 3 8 9 . 2 1 0 0 . 0 
1 2 40 3 5 3 1 8 8 . 6 2 9 8 2 . 9 9 3 . 5 3 1 8 8 . 6 1 0 0 . 0 
1 3 3 3 3 6 2 8 7 3 . 7 28 7 3 . 7 1 0 0 . 0 28 7 3 . 7 1 0 0 . 0 
14 3 9 3 0 3 0 1 0 0 . 0 3 0 1 0 0 . 0 1 0 0 . 0 30 100 .0 1 0 0 . 0 
1 5 42 3 6 3 5 I 9 8 . 6 3 4 9 4 . 4 9 5 . 8 3 4 9 4 . 4 9 5 . 6 
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APPENDIX B 
MULTITERMINAL ANALYSIS EXAMPLES 
The a lgor i thm of Gomory and Hu(44) w i l l be a p p l i e d 
to the network o f F i g u r e 8 as a means of d e s c r i b i n g the 
a n a l y s i s p r o c e d u r e . The a l g o r i t h m i s o u t l i n e d by H u ( 5 6 ) as i 
STEP 1. Do a maximal f l ow computation f o r two terminal 
nodes on a network which i s u s u a l l y s m a l l e r than the 
o r i g i n a l network, s ince subsets are condensed i n t o s i n g l e 
nodes . Based on the f l o w computation, we g e t a minimum 
c u t . Go to Step 2. 
STEP 2. Use the minimum cut j u s t obta ined i n Step 1 and 
c o n s t r u c t a l i n k of the t r e e network N * . The a l g o r i t h m 
ends when m-1 l i n k s a r e c o n s t r u c t e d . S e l e c t a p a i r o f nodes 
which w i l l s erve as the source and the s ink i n Step 1, and 
condense c e r t a i n subse t s o f the o r i g i n a l network in to 
s i n g l e nodes . This i s the network t h a t w i l l be used to do 
the maximal f l o w computation i n Step 1. Go to Step 1 . 
To b e g i n the a n a l y s i s o f the network o f F i g u r e 8 
we redraw the network as Diagram A , a r b i t r a r i l y s e l e c t two 
nodes , s o l v e a maximal f l o w problem between these nodes , 
and thereby l o c a t e the minimal c u t . S e l e c t i n g nodes 3 and 4 
f o r the i n i t i a l computation we see tha t the minimal c u t , 




This cut has a c a p a c i t y o f 16 and s e p a r a t e s the network 
in to two p a r t s t ( { l »4J , {2 ,3} ) • The network can now 
be represen ted by the t r e e of Diagram B where the nodes 
o f the se t s which make up the cut have been c o n s o l i d a t e d , 
< 3 > < 3 > 
Diagram B 
I n the s e t {2 ,3 } we see t h a t the minimal cut i s as 
shown i n Diagram C. I t conta ins l i n k s 2-3 and 2 - { 1 , 4 } 
and has a c a p a c i t y of 9 c i r c u i t s . 
J 
Diagram C 
The t r e e of Diagram B can now be r e p r e s e n t e d by the t r e e 
of Diagram D . 
( D — 2 © — ^ — 
Diagram D 
C o n s i d e r i n g nodes 1 and 4 f o r the f i n a l computation we see 
t h a t the minimal c u t , as shown i n Diagram E, conta ins l i n k s 
l - { 2 , 3 } and 1-4 w i th a c a p a c i t y of 17 c i r c u i t s 
Diagram E 
The t ree of Diagram D can now be r e p r e s e n t e d by the t r e e 
o f Diagram F. 
We have now developed a network e q u i v a l e n t to t h a t of 
F igure 8 w i th r e s p e c t to the t ermina l c a p a c i t i e s o f a l l 
node p a i r s . However the r e a l i z e d network i s a t r e e o r , to 
be more s p e c i f i c , a cut t r e e . The cut t r e e thus formed i s 
not unique but t h i s f a c t i s o f no consequence s i n c e , 
r e g a r d l e s s o f the r e s u l t , the t ermina l c a p a c i t y between 
two nodes i s s imply the c a p a c i t y o f the minimal l i n k on 
the unique r o u t e between those nodes . I t i s now a s imple 
matter to determine the m u l t i t e r m i n a l f l ow c a p a c i t i e s and 
to w r i t e down the termina l c a p a c i t y m a t r i x . 
L e t T » | t^j | be an n x n symmetric matr ix where 
t . . i s the t ermina l c a p a c i t y between s, and s . . Then f o r 
t h i s network i n Diagram F which i s e q u i v a l e n t to the 
network o f F i g u r e 8 we can c o n s t r u c t the t ermina l c a p a c i t y 
matr ix shown a t the top o f the f o l l o w i n g p a g e . 
Diagram F 
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T = 9 
1 6 
1 7 




1 6 9 
9 16 
This i s , admi t t ed ly , a very s imple example, but more 
complicated networks can be ana lyzed almost as e a s i l y . 
A very c l e a r e x p o s i t i o n o f the technique i s g i v e n by 
Ford and F u l k e r s o n ( 3 1 ) . 
Note that the s ix teen-node network dep ic ted i n 
Diagram G can be analyzed very e a s i l y because o f i t s 
s t r u c t u r e . One need only ana lyze the p o r t i o n o f the 
network e n c i r c l e d by the dot ted l i n e and determine the 
termina l c a p a c i t y matr ix of those f o u r nodes . 
Then the s i x t e e n node 1 6 x 1 6 t ermina l c a p a c i t y m a t r i x 
can be cons tructed as i s done f o r the f o l l o w i n g example . 
To determine the t ermina l c a p a c i t y of the node p a i r 5 » 6 
(numbered nodes i n Diagram G) wei 





sub-network ( 1 , 2 , 3 , 4 ) u s ing the p r e v i o u s l y - s t a t e d a l g o r i t h m , 
2 . t 5 6 = Min j t 1 Z f , c 1 5 , ĉ j 
To show a s imple a p p l i c a t i o n o f E l m a g h r a b y ^ 
procedure cons ider a g a i n the network o f F i g u r e 8 w i t h 
i n t e r e s t b e i n g centered on decreases o f c a p a c i t y i n the 
l i n k 2 - 3 . L e t S = the amount by which the l i n k c a p a c i t y 
i s r educed . See Diagram H. 
Diagram H 
The m u l t i t e r m i n a l a n a l y s i s i s a p p l i e d as i t was f o r the 
network b e f o r the aire c a p a c i t y changes were to be c o n s i d e r e d . 
The cut t r e e f o r $ * 0 , 1 , 2 , 3 can be shown to be as i n 
Diagram I . 
^ 9-$ ^ 1 6 ^ 1 7 ^ 
© ( 3 ) © © 
Diagram I 
For £ » 3 # 4 , 5 , 6 the l i n k 2 - 3 i s ( o r could b e ) i n the 
minimal cut s e t o f a l l node p a i r s . The cut t r e e can be 
shown to be as i n Diagram J . 
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9-s ^ L 6-(<S - 3 ) y - ^ 1 7 - ( £ - 3 ) ^ © © © 
Diagram J 
When the c a p a c i t y of l i n k 2 - 3 i s reduced to zero ( i . e . , 
5 = 6 ) , the cut t r e e i s as shown i n Diagram K. 
x - v 3 _ 1 3 ^ 14 — 
© : © © © 
Diagram K 
The c r i t i c a l v a l u e s f o r l i n k 2 - 3 a r e thus ^ 3 » 0 ^ . 
For more complex networks the procedure i s more 
l e n g t h y , but Elmaghraby shows e x a c t l y how to perform the 
a n a l y s i s on any u n d i r e c t e d network. This technique c o u l d 
be u s e f u l f o r demonstrat ing some o f the e f f e c t s t h a t t a x i n g 
common user c i r c u i t s f o r other uses might have not on ly 
on the l i n k s from which the c i r c u i t s are taken but on the 
network-wide c a p a b i l i t y to handle common user c a l l s . 
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APPENDIX C 
BASIC PROGRAM FOR SOLVING REQUIREMENTS ESTIMATION PROBLEMS 
This program was w r i t t e n i n BASIC computer language 
to s o l v a s imple requirements m a t r i x manipula t ions f o r 
networks having up to f i v e nodes . The program i n t e r r o g a t e s 
the user who s u p p l i e s the a s k e d - f o r i n f o r m a t i o n . 
F o l l o w i n g the program i s an example o f the 
computer-generated s o l u t i o n to one o f the problems which 
was demonstrated i n Chapter I V . 
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1 0 PRINT'THIS PROGRAM WILL FURNISH REVISED REQUIREMENTS' 
1 1 PRINT'MATRICES FOR NETWORKS HAVING UP TO FIVE NODES.' 
1 2 PRINT'WHEN ASKED TO "ENTER DATA", TYPE IN ALL ELEMENTS' 
1 3 PRINT'OF THE PERTINENT MATRIX WITH ELEMENTS' 
14 PRINT'SEPARATED BY COMMAS.' 
2 0 PRINT'IF YOU WISH TO WORK A SITUATION, TYPE " 1 " . ' 
2 1 PRINT'IF YOU HAVE NO NEED FOR "FIVENODES", TYPE " 0 " . ' 
3 0 INPUT X 
40 IF X = 0 THEN 999 
5 0 PRINT'ENTER THE NUMBER OF NODES IN THE PRESENT NETWORK.' 
5 1 PRINT'THIS NUMBER CAN BE 1 . 2 , 3 , 4 , OR 5 - * 
6 0 INPUT Y 
7 0 PRINT'ENTER REQUIREMENTS DATA FOR THE PRESENT NETWORK.' 
80 ON Y THEN 9 0 , 1 0 0 , 1 1 0 , 1 2 0 , 1 3 0 
90 DIM A(l,l) 
9 1 MAT INPUT A 
92 MAT M = A 
93 GO TO 190 
1 0 0 DIM B ( 2 , 2 ) 
1 0 1 MAT INPUT B 
1 0 2 MAT M = B 
1 0 3 GO TO 1 9 0 
1 1 0 DIM C ( 3 . 3 ) 
1 1 1 MAT INPUT C 
1 1 2 MAT M = C 
1 1 3 GO TO 1 9 0 
1 2 0 DIM D ( 4 , 4 ) 
1 2 1 MAT INPUT D 
1 2 2 MAT M = D 
1 2 3 GO TO 1 9 0 
1 3 0 DIM E ( 5 . 5 ) 
1 3 1 MAT INPUT E 
1 3 2 MAT M = E 
1 3 3 GO TO 1 9 0 
140 DIM F ( l , 2 ) 
141 MAT INPUT F 
142 MAT T = F 
143 GO TO 3 1 0 
145 DIM G ( 2 , 3 ) 
146 MAT INPUT G 
14? MAT T • G 
148 GO TO 3 1 0 
1 5 0 DIM H ( 3 . 4 ) 
1 5 1 MAT INPUT H 
1 5 2 MAT T » H 
1 5 3 GO TO 3 1 0 
1 5 5 DIM 1 ( 4 , 5 ) 
1 5 6 MAT INPUT I 
1 5 7 MAT T « I 
1 5 8 GO TO 3 1 0 
1 6 0 DIM J ( 2 , l ) 
1 6 1 MAT INPUT J 
1 6 2 MAT T = J 
1 6 3 GO TO 3 1 0 
1 6 5 DIM K ( 3 . 2 ) 
1 6 6 MAT INPUT K 
1 6 7 MAT T a K 
1 6 8 GO TO 3 1 0 
1 7 0 DIM L ( 4 , 3 ) 
1 7 1 MAT INPUT L 
1 7 2 MAT T = L 
1 7 3 GO TO 3 1 0 
1 7 5 DIM V ( 5 , 4 ) 
1 7 6 MAT INPUT V 
1 7 7 MAT T = V 
1 7 8 GO TO 3 1 0 
1 9 0 IF X = 0 THEN 3 0 0 
1 9 1 MAT R a M 
1 9 2 PRINT*THIS IS THE PRESENT REQUIREMENTS MATRIXt * 
1 9 3 MAT PRINT R 
1 9 4 X a 0 
2 0 0 PRINT'ENTER THE SITUATION NUMBER TO BE SOLVED* 
ADD A NODE* 
LOSE A NODE" 
LOSE A NODE, BUT UNITS RELOCATE' 





2 0 1 PRINT' 
2 0 2 PRINT' 
2 0 3 PRINT' 
204 PRINT' 
2 1 0 INPUT Z 
2 2 0 PRINT'ENTER THE MANIPULATION DATA FOR THE NEW NETWORK. 
2 3 0 ON Z THEN 2 4 0 , 2 6 0 , 2 6 0 , 2 5 0 
240 ON Y THEN 1 6 0 , 1 6 5 , 1 7 0 , 1 7 5 . 9 9 7 
2 5 0 ON Y THEN 9 9 7 . 1 0 0 , 1 1 0 , 1 2 0 , 1 3 0 
2 6 0 ON Y THEN 9 9 7 . 1 4 0 , 1 4 5 , 1 5 0 , 1 5 5 
3 0 0 MAT T = M 
3 1 0 PRINT*THE MANIPULATION MATRIX I S t ' 
3 2 0 MAT PRINT T 
3 3 0 MAT 0 a TRN(T) 
340 MAT P = T*R 
3 5 0 MAT Q = P * 0 
3 6 0 PRINT'THE REVISED REQUIREMENTS MATRIX ISt * 
3 7 0 MAT PRINT Q 
3 8 0 GO TO 2 0 
9 9 7 PRINT'SITUATION IS UNSOLVABLE WITH THIS PROGRAM.' 
9 9 8 GO TO 2 0 
9 9 9 END 
Example Of I n t e r a c t i v e Computer Input And Output 
THIS PROGRAM WILL FURNISH REVISED REQUIREMENTS 
MATRICES FOR NETWORKS HAVING UP TO FIVE NODES. 
WHEN ASKED TO "ENTER DATA" t TYPE IN ALL ELEMENTS 
OF THE PERTINENT MATRIX WITH ELEMENTS 
SEPARATED BY COMMAS. 
IF YOU WISH TO WORK A SITUATION, TYPE " 1 " . 
IF YOU HAVE NO NEED FOR "FIVENODES", TYPE " 0 " . 
? 1 
ENTER THE NUMBER OF NODES IN THE PRESENT NETWORK. 
THIS NUMBER CAN BE 1 , 2 , 3 . 4 , OR 5 -
?4 
ENTER THE REQUIREMENTS DATA FOR THE PRESENT NETWORK. 
? 0 , 1 , 4 , 2 , 1 , 0 , 2 , 1 , 4 , 2 , 0 , 4 , 2 , 1 , 4 , 0 
THIS IS THE PRESENT REQUIREMENTS MATRIXi 
0 1 4 2 
1 0 2 1 
4 2 0 4 
2 1 4 0 
ENTER THE SITUATION NUMBER TO BE SOLVED 
1 ADD A NODE 
2 LOSE A NODE 
3 LOSE A NODE, BUT UNITS RELOCATE 
4 SAME NODES, BUT UNITS RELOCATE 
?4 
ENTER THE MANIPULATION DATA FOR THE NEW NETWORK! 
? 1 , 0 , 0 , 0 , 0 , . 5 . 0 , 0 , 0 , 0 , 1 , 0 , 0 , 0 , 0 , 1 . 3 3 
THE REVISED REQUIREMENTS MATRIX IS 
0 . 5 4 2 . 6 7 
. 5 0 1 . 6 7 
4 1 0 5 . 3 3 
2 . 6 7 . 6 7 5 . 3 3 0 
I F YOU WISH TO WORK A SITUATION, TYPE "1" . 
IF YOU HAVE NO NEED FOR "FIVENODES", TYPE " 0 " . 
? 0 
NOTEi E n t r i e s on l i n e s s t a r t i n g w i th "?" are the inputs 
made by the program u s e r i a l l o ther l i n e s a r e 
produced by the program. 
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APPENDIX D 
APPLICATION OF PROCEDURES AND 
TECHNIQUES TO A HYPOTHETICAL SCENARIO 
An I n f a n t r y d i v i s i o n (Headquarters W) i s deployed 
as shown on Map 1. I t s miss ion i s to s e i z e c r o s s i n g s over 
the r i v e r , g a i n c o n t r o l o f Highway 7 north of the r i v e r , 
and prepare to continue the a t tack nor thward . 
The 1 - B r i g a d e on the l e f t w i l l c r o s s the r i v e r by 
b o a t w h i l e the 2 -Br igade on the r i g h t w i l l s e i z e the b r i d g e 
over the r i v e r . The 3 - B r i g a d e i s a t tached to D i v i s i o n 
A l t e r n a t e (Headquarters X) f o r use as a r e s e r v e f o r c e or to 
e x p l o i t success i n e i t h e r o f the committed b r i g a d e s * 
s e c t o r s . Y and Z r e p r e s e n t D i s i o n A r e a S i g n a l C e n t e r s . 
P r i o r to the a t t ck communication requirements have 
been r e f i n e d . The p r e s e n t network i s shown i n Diagram A 
wi th the numbers on the l i n k s i n d i c a t i n g common user 
c a p a c i t i e s . Due to the s t a b i l i t y of the p r e - a t t a c k s i t ­
u a t i o n and rea l ignment of s o l e user requirements there i s 
s u f f i c i e n t c a p a c i t y to s a t i s f y a l l common user r e q u i r e m e n t s . 
Requirements matr ices a r e shown i n Charts 1-4. The r o u t i n g 
t a b l e s a r e shown i n Char t 5. 
A computer c a p a b i l i t y e x i s t s a t each l o c a t i o n where 
t r a f f i c e n g i n e e r i n g i s donej the neces sary programs f o r 
Map 1 . Initial Disposition Of Divisional Units 
W Div net 
Diagram A. I n i t i a l C o n f i g u r a t i o n s Of Common User Networks 
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s o l v i n g maxflow problems and requirements r e d i s t r i b u t i o n 
problems are a v a i l a b l e . 
Network diagrams w i l l be redrawn as events occur 
so tha t the network r e p r e s e n t a t i o n resembles the d i s t r i ­
but ion o f u n i t s on the ground. The o r d e r i n g o f matr ix 
elements has a l s o been changed to conform to a s tandard 
scheme f o r r e p r e s e n t i n g nodes and l i n k s i n the computer 
programs. 

















c 2 D E F W X Y Z 
5 4 2 0 0 0 2 1 2 0 
4 1 0 0 0 0 1 0 1 0 
0 0 0 0 0 0 1 0 1 0 
0 0 0 0 0 0 1 1 0 
0 2 4 4 2 1 0 2 
0 3 2 1 0 0 1 
0 2 1 0 0 1 
0 1 0 1 1 
0 4 2 2 
0 2 2 
0 3 
0 
Chart 2. 1 -Br igade Requirements M a t r i c e s 














































w i th 11 i n t e r f a c e d to 
the W-Div network 
Char t 3 . 2 - B r i g a d e Requirements M a t r i c e s 


























+3 from Z to 2 












w i t h 12 i n t e r f a c e d to 
the W-Div network 
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C h a r t 4„ W - D i v i s i o n Requirements M a t r i c e s 





W X Y Z 
"0 4 2 2 
0 2 2 
0 3 
0 





W X Y 
0 0 4 
0 2 
0 
+ 5 from Y to 1 
w 
R w ( i n t e r - 2 ) = X w y 
W X Y 
"O 0 0 
0 0 
0 











W X Y Z 
0 3 0 0" 
O i l 
0 0 
0 
+2 from h i g h e r to X 
W X Y Z 
W R ) 7 6 7" 
R w ( t o t a l ) = X 0 5 ^ 
W Y 0 4 
Z L O_ 
With 11 i n t e r f a c e d to 1 
12 i n t e r f a c e d to F 
7 i n t e r f a c e d to h i g h e r 
1 0 1 





FROM. TO ROUTE 
5 l . A 1 - A 
6 l . B 1 - B 
1 l . B 1 - A - B 
1 - B r i g a d e 6 i . c 1 - C 
4 A . B A-B 
1 A,C A - 1 - C 
2 2 f D 2 - D 
4 2 , E 2 - E 
9 2 . F 2 - F 
2 - B r i g a d e 3 D.E D-E 
D .F D-F 
2 E , F E - 2 - F 
2 E , F E - D - 2 - F 
5 W f Y W-Y 
1 W f Y W-X-Y 
5 W f Z W-Z 
1 w . z W-X-Z 
W - D i v i s i o n 1 w f z W - X - Y - Z 
4 Y , Z Y-Z 
7 w , x W-X 
5 X , Y X-Y 
4 X,Z X-Z 
NOTE 1 I n t e r f a c e s are on d i r e c t l i n k s i n d i c a t e d on Diagram A . 
1 0 2 
A p p l i c a t i o n Of Procedure To Cont inuat ion Of Scenar io 
Prom the p r e - a t t a c k p o s i t i o n s a l r e a d y d e s c r i b e d , three 
s e q u e n t i a l events a r e now i n t r o d u c e d ! the s e v e r a l techniques 
a r e a p p l i e d to answer s p e c i f i c ques t ions which are posed 
a f t e r each event i s d e s c r i b e d . Each ques t i on i s de s igna ted 
as " Q - " , and the answer i s l a t e r denoted by M A - W . 
References to the u n i t s deployed i n the s c e n a r i o 
w i l l be a b b r e v i a t e d . For example, the 2 - B r i g a d e w i l l be 
noted as 2 Bdet the F - B a t t a l i o n as F Bn; and the i n f a n t r y 
d i v i s i o n as W D i v . L inks and r o u t i n g s w i l l be hyphenated 
s t r i n g s of l e t t e r s and numbersj f o r example, a r o u t i n g 
from F Bn through the 2 Bde to the Z a r e a center would be 
noted as F - 2 - Z , 
Event 1 
The D Bn and the E Bn s u c c e s s f u l l y s e i z e the b r i d g e , 
and w h i l e the E Bn ho lds the b r i d g e and road the D Bn moves 
onto H i l l 6 4 0 . I t i s not p o s s i b l e to r e - e s t a b l i s h the D-E 
l i n k , so i t i s d i r e c t e d that two s o l e user c i r c u i t s be 
d e r i v e d from common user a s s e t s to p r o v i d e d i r e c t 
communications between the two b a t t a l i o n s . 
Ql i What i s the maximum common user f l ow now p o s s i b l e 
in the 2 Bde network? 
Q 2 J Us ing as a secondary c r i t e r i o n the dictum that 
i 
p a r t i a l a l l o c a t i o n s should be e q u a l l y d i s t r i b u t e d among 
competing requirements i f a l t e r n a t e optima e x i s t , what i s 
1 0 3 
the recommended f low? 
Q 3 * How does t h i s event impact on the W D i v network? 
The 2 Bde s e c t o r map i s redrawn as Map 2 , 
Map 2 . 2 Bde Sector A f t e r Event 1 
The 2 Bde p o r t i o n of the network i s now c o n f i g u r e d 
as shown i n Diagram B . 
There i s no l o n g e r a D-E l i n k , so i n the c a p a c i t y 
matr ix the e n t r i e s C E D = C E p * c D p » 0 . The two c i r c u i t s 
between D and E must be routed through 2 r e d u c i n g the 
c a p a c i t i e s on both the D - 2 and E - 2 l i n k s . The r e v i s e d 
c a p a c i t y matr ix f o r the 2 Bde network i s shown a t the 
top o f the f o l l o w i n g p a g e . 
©a 






2 E D F 
0 4 6 1 7 
0 0 0 
0 0 
0 
The t o t a l requirements matr ix f o r the 2 Bde network 
i s unchanged. 
A l t A maxflow problem can be s e t up f o r t h i s network 
i n the f o l l o w i n g mannert 
MAX 
ST 
f 2 D + *2B + f 2 F + f + DE f D F 
f 2 D ^ 2 
f 2 E ^ 4 
f 2 F £ 9 
f 




f E F 4k 
f 2 D * f DE + f D F ^ C 2D * 6 
f 2 E * f DE 
+ f E F * C 2E 3B k 
f 2 F + f D F f E F = 1 7 
hi > 0 
EF 
The maximum common user f l o w ( o p t i m a l s o l u t i o n ) s a t i s f i e s 
1 9 requ irements ! there a r e a l t e r n a t e optimum s o l u t i o n s so 
i t i s neces sary to s e l e c t the a l t e r n a t i v e which w i l l 
s a t i s f y the e s t a b l i s h e d secondary c r i t e r i a . 
1 0 5 
A2t Us ing the s p e c i f i e d secondary c r i t e r i o n to s e l e c t 
among a l t e r n a t i v e s , the f o l l o w i n g requirements w i l l 
be s a t i s f i e d i 
2 E D F 
2 fo 2 2 9 
E 0 0 2 
D Ok 
F L Q_ 
L e f t u n s a t i s f i e d aret 
3 requirements between E and D 
2 requirements between 2 and E 
2 requirements between E and F 
Of the u n s a t i s f i e d requirements between E and F, one 
i s i n t r a - n e t and one i s i n t e r - n e t . Us ing the secondary 
c r i t e r i o n once a g a i n we w i l l s a t i s f y h a l f o f each o f the 
E,W and E , Z requirements and a l l o w h a l f o f each o f these 
requirements to remain u n s a t i s f i e d . 
A3t The impact on the W D i v network i s that one l e s s 
c a p a c i t y u n i t i s used on the F-Z i n t e r f a c e and i o f a 
c a p a c i t y u n i t i s r e l e a s e d on some W-Z r o u t i n g . Maximum 
r e l e a s e o f c a p a c i t y would be r e a l i z e d by making the change 
on the W - X - Y - Z r o u t i n g . 
Event 2 
The F Bn and the E Bn a r e c o n s o l i d a t e d i n t o a 
task f o r c e , des ignated T, to hold the br idge? each 
b a t t a l i o n r e t a i n s i t s o r i g i n a l requirements to f a c i l i t a t e 
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f u t u r e deployments of the un i t s s e p a r a t e l y . A new l i n k i s 
e s t a b l i s h e d between T and D, and the i n t e r f a c e between the 
2 Bde network and Z i s rehomed from T ( f o r m e r l y F ) to 2 . 
A f t e r r e a l l o c a t i n g s o l e user c i r c u i t s the c a p a c i t y m a t r i x i s i 
2 T D 
2 To 8 8" 
T 0 8 
D |_ 0_ 
The i n t e r f a c e c a p a c i t y i s now a l s o 8 . ( A l l c a p a c i t i e s used 
here are a r b i t r a r i l y chosen f o r t h i s e v e n t . ) 
Q4-6 . What are the i n t r a ~ n e t ( Q 4 ) , i n t e r ~ n e t ( Q 5 ) t and 
t o t a l ( Q 6 ) requirements matr ices f o r the r e c o n f i g u r e d 
2 Bde network? 
Q7i What i s the maximum common user f low d i s t r i b u t i o n 
i n the 2 Bde network? 
Q8t How does th i s event impact on the W D i v network! 
Map 3 shows the d i s p o s i t i o n o f the 2 Bde u n i t s 
a f t e r Event 2 . 
Map 3 . 2 Bde Sec tor A f t e r Event 2 
1 0 ? 
The 2 Bde p o r t i o n of the network i s now conf igured 
as shown i n Diagram C• 
Diagram C . 2 Bde Network A f t e r Event 2 





2 E D F 
1 0 0 0 
0 1 0 1 
0 0 1 0 
The r e v i s e d requirements matr ix f o r the i n t r a ­
ne t requirements i s computed us ing the formula o f Chapter I V . 
V i a M R k M 
1 0 0 0 
0 1 0 1 
0 0 1 0 
0 2 4 4" 
2 0 3 2 
4 3 0 2 
4 2 2 0 
1 0 0 
0 1 0 
0 0 1 
0 1 0 
0 8 2 
8 0 5 
L 2 5 0 J 
The r e v i s e d i n t e r - n e t requirements matr ix i f the i n t e r f a c e 
was to be a t T would be computed s i m i l a r l y us ing the same 
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manipulation matrix. It would bei 
2 T D 2 ~0 5 0 




plus 5 requirements from T to the W Div network nodes. 
A5i However, the rehoming of the interface means that the 
inter-net requirements matrix actualy isi 
2 T D 2 "o 5 2 T 5 0 0 D 2 0 0 
plus 5 requirements from 2 to the W Div network. 
A6i The total requirements matrix for the 2 Bde network 
is now the sum of the revised intra-net and inter-net 
requirements matricest 
2 T D 
' 0 1 3 4 
1 3 0 5 
4 5 0 
plus 12 requirements on the 2-Z interface. 
Obviously, only eight of the inter-net requirements 
can be satisfied since the interface capacity is now 
reduced to 8. Equaly distributing the inter-net assets 
will give a revised inter-net requirements matrix as 
shown at the top of the folowing page. 
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2 T D 
2 0 10/3 V3~* 
T 10/3 0 0 
D V 3 0 0 
p l u s 10/3 requirements from 2 to the W D i v nodes . 
Now the r e v i s e d t o t a l requirements matr ix i s t 
2 T D 
2 0 34/3 10/3 
T 3V3 0 5 
D 10/3 5 0_ 
of which 8 requirements a r e i n t e r f a c e d w i th the W D i v 
network. 
A7i The maxflow s o l u t i o n a l l o w s s a t i s f a c t i o n o f the 
requirements on the f o l l o w i n g r o u t i n g s t 
R equirement Number Rout ing 
2.T 8 2-T 
2 , T 3 2-D-T 
2 , D 10/3 2-D 
T,D 5 T-D 
One way of d i s t r i b u t i n g the c a p a c i t y (and p r o b a b l y the 
e a s i e s t way) i s to reduce the i n t r a - n e t s a t i s f a c t i o n 
o f the 2,T requirement from 8 to 23/3 and s a t i s f y a l l o f 
the remaining r e v i s e d r e q u i r e m e n t s . Other r e d i s t r i b u t i o n s 
cou ld be accomplished but on ly by s a c r i f i c i n g ease o f 
s o l u t i o n . For example, the s a t i s f a c t i o n o f the 2.T 
requirement cou ld be reduced from 8 to 4-7/6 and the 
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s a t i s f a c t i o n o f the T,D requirement could be reduced from 
5 to 29/6. E i t h e r r e d i s t r i b u t i o n would a l l o w the f u l l e s t 
s a t i s f a c t i o n o f the a l r e a d y - r e d u c e d i n t e r - n e t r e q u i r e m e n t s . 
A8i The W D i v i n t e r - n e t requirements a r e reduced because 
o f the l i m i t e d i n t e r f a c e c a p a c i t y . The s a t i s f i e d i n t e r - n e t 
requirements to the 2 Bde network a r e . 
W X Y z 
w ~ 0 0 0 10/3" 
X 0 0 0 2/3 
Y 0 0 0 2/3 Z 10/3 2/3 2/3 0 
p l u s 10/3 of the requirements between 2 Bde and Z . 
The r e v i s e d t o t a l W D i v requirements matr ix i s i 
w X Y z w 0 7 7 16/3" 
X 7 0 5 11/3 
Y 6 5 0 11/3 
Z 16/3 11/3 11/3 0 _ 
This w i l l a l l o w e l i m i n a t i o n o f the W - X - Y - Z r o u t i n g and 
r e d u c t i o n s on the W - X - Z , X - Z , and Y - Z r o u t i n g s . 
Event 3 
Whi le at tempting to cross the r i v e r , a n u c l e a r 
s t r i k e des troyed h a l f o f the A Bn, 2/3 o f the B Bn, 
i n c l u d i n g a l l communication e lements , c ros sed the r i v e r 
s u c c e s s f u l l y and the remaining 1/3 o f the B Bn was 
r e a s s i g n e d to the C Bn. 
Ill 
Q 9 - l l i What a r e the 1 Bde*s r e v i s e d i n t r a - n e t ( Q 9 ) . 
i n t e r - n e t ( Q l O ) , and t o t a l ( Q l l ) requirements matr ices? 
Q12i What i s the maxflow d i s t r i b u t i o n i n the 1 Bde network? 
Q13i What impact does t h i s event have on the W D i v network? 
Map k shows the d i s p o s i t i o n of u n i t s i n the 1 Bde 
s e c t o r a t the complet ion of Event 3» 
Map 4 . 1 Bde Sector A f t e r Event 3 
The 1 Bde network c o n f i g u r a t i o n i s unchanged? l i n k s 
and c a p a c i t i e s a r e the same as those o r i g i n a l l y e s t a b l i s h e d . 
The 1 Bde p o r t i o n o f the network i s redrawn i n Diagram D 
as i t appeared i n Diagram A , 
Diagram D• 1 Bde Network A f t e r Event 3 
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AlOt The r e v i s e d i n t e r - n e t requirements matr ix i s . 
1 A B c 
0 3/2 10/3 17/3 
3/2 0 4/3 0 
10/3 4/3 0 0 
17/3 7/6 0 0 
1 A B c 
1 ~ 0 1 4/3 8/3 
A ' 1 0 0 0 
B 4/3 0 0 0 
C 8/3 0 0 0 _ 
p l u s 5 requirements from 1 to the W D i v network nodes . 
A l l « The r e v i s e d t o t a l requirements matr ix i s now the sum 
of the r e v i s e d i n t e r - n e t and i n t r a - n e t m a t r i c e s i 
1 A B c 
1 0 5/2 14/3 25/3 
A 5/2 0 4/3 7/6 
B 14/3 4/3 0 0 
C 25/3 7/6 0 o . 
There a r e a l s o 10 requirements on the 1 -Y i n t e r f a c e . 
1 1 3 
I t i e apparent that a l l requirements can be s a t i s ­
f i e d except those which t r a n s i t the 1-C l i n k . The 1-C 
requirement p l u s the A-C requirement i s 2 5 / 3 + 7 / 6 = 9i 
requirements which a r e competing f o r a c a p a c i t y of only 
7 on the 1-C l i n k . S a t i s f y i n g equa l percentages o f the 
competing requ irements , tha t i s 14 / I9 ths o f each u s e r - u s e r 
requirement which must t r a n s i t the l i n k , w i l l a l l o w the 
f o l l o w i n g f l o w s i 
Requirement Number Rout ing 
1,A 5 / 2 1-A 
l . B 1 V 3 1-B 
i.c ^ 3 / 7 1-C 
A , B V 3 A-B 
A,C 6 / 7 A - l - C 




B V 3 
C 2 
T o t a l 2 8 / 3 
A13« About 5 / 3 u n i t s a r e no l o n g e r needed on the 1-Y 
i n t e r f a c e ? by e q u i t a b l y d i s t r i b u t i n g i n t e r - n e t requirements 
i t i s a l s o p o s s i b l e to r e l e a s e 7 / 6 o f a u n i t on the W-Y 
r o u t i n g s which were needed i n i t i a l l y ( s e e Chart 5 ) • This 
w i l l e l i m i n a t e the need f o r the W-X-Y r o u t i n g and 
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f r a c t i o n a l l y decrease the need f o r the W-Y r o u t i n g . 
The cumulat ive r e v i s e d t o t a l W D i v requirements matr ix 
a f t e r Events 1, 2, and 3 i s i 
W X Y Z 
w 0 7 35/6 16/3" 
X 7 0 5 11/3 
Y 35/6 5 0 11/3 
2 16/3 11/3 11/3 0 
The three events dep ic ted i n t h i s Appendix do not 
exhaust the p o s s i b i l i t i e s t h a t might occur i n an o p e r ­
a t i o n a l s i t u a t i o n 11 they do, however, demonstrate a 
v a r i e t y o f i n c i d e n t s which could a r i s e . The techniques 
developed i n t h i s t h e s i s have p r o v i d e d s imple and r a p i d 
responses to the ques t ions which e x i s t i n such s i t u a t i o n s , 
and the maxflow s o l u t i o n s and r o u t i n g s can s erve as 
inputs to an o v e r l o a d c o n t r o l p l a n which uses network 
t h e o r e t i c c o n t r o l measures . 
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